AlmaMater Studiorum - Universita di Bologna

DOTTORATO DI RICERCA IN

SCIENZE BIOTECNOL OGICHE, BIOCOMPUTAZIONALI,
FARMACEUTICHE E FARMACOLOGICHE

Ciclo35

Settore Concorsuale; 05/G1 - FARMACOLOGIA, FARMACOLOGIA CLINICA E
FARMACOGNOSIA

Settor e Scientifico Disciplinare: BIO/14 - FARMACOLOGIA

TOXICOLOGICAL EFFECTSRELATED TO A NOVEL HEATED TOBACCO

PRODUCT
Presentata da: Silvia Granata
Coordinator e Dottor ato Supervisore
Maria Laura Bolognesi Moreno Paolini

Esame finale anno 2023



Abstract

The tobacco epidemic is a public health burden; therefore, the reduction of cigarette
smoking is a priority public health goal. Nicotine Delivery Systems (NDS) are devices
designed to help people replace conventional cigarette (CC) and among these devices
we find electronic cigarettes (e-cig), which are classified as Electronic NDS (ENDS).
E-cigs use different technologies to vaporize a liquid or to heat the tobacco avoiding
the combustion phenomenon (e.g., IQOS). The US Food and Drug Administration
(FDA) has labelled IQOS as modified risk tobacco products (MRTPs), indirectly
encouraging the perception of safety in the consumers, but IQOS smoke, although to
a lesser extent than conventional, still presents a great deal of harmful or potentially

harmful compounds.

My PhD thesis aims to study the toxic effects related to IQOS exposure. I sought to
answer the question of whether the toxic compounds released by 1QOS, albeit in
reduced concentrations, could lead to genotoxicity and damage to the airways and liver
in vivo. At the University of Nottingham, I have investigated in vitro the effects
generated by the IQOS, e-cigs and CC exposure on PBMCs and human lung epithelial
cell line. Finally, at University of Milano—Bicocca, I have developed a in vivo Positron
Emission computed Tomography (PET) imaging procedure meant to be applied to the
monitoring of ENDS toxicity, particularly in the brain.

These results indicate that IQOS is not a low-risk product in vivo, not only for primary
target organs but also for secondary organs, although we have observed a small impact
in vitro. Labelling as MRTP may mislead consumers who interpret “a lower level of
toxic compounds” as an indication of “harmlessness” when there is a health risk for
users. In the last part, I set up a methodology for studying temporal fluctuations of
regional brain metabolism and connectivity derived from mice of different ages
allowing researchers to obtain normative values in investigations of the efficacy or

toxicity of substances at the functional level of the CNS.
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Introduction and Thesis Aim
The World Health Organization (WHO) considers tobacco epidemic as one of the

biggest public health threats the world has ever faced. Indeed, it is the cause of the
death of more than 8 million people per year around the world, and its consumption
has been identified as the main preventable cause of morbidity and mortality (WHO,
2021). Nevertheless, is the incidence of serious diseases related to tobacco
consumption, including cardiovascular diseases, chronic lung diseases, neoplastic
diseases, reproductive system disorders and respiratory diseases (Samet, 2013).
Therefore, the reduction of cigarette smoking is, to date, a priority goal for public
health as nationally as globally; for this reason, the WHO has proposed guidelines to
discourage the use of tobacco (WHO, 2021).

In Italy, around 75,000-83,000 deaths are caused each year by smoking and
unfortunately 25% of those deaths involve people aged between 35 and 65. According
to the data of the 2018 report on the prevention and control of smoking, created by the
D.G. Prevention by the Ministry of Health, tobacco smokers make up about 20% of
the population over the age of 14 (Italian Ministry of Health, 2019). Tobacco addiction
is extremely difficult to eradicate, 80% of smokers who undertake the cessation
process do not exceed one month of abstinence. According to the most recent ISTAT
data (ISTAT, 2019), currently active smokers are slightly under 10 million, and the
prevalence of the users lies in the age group between 20-24 years for men, and 35-44
years for women. It is important to remind how the number of smokers has
considerably fallen since the entry into force of art. 51 of law no. 3/2003, defined as
the “Legge Sirchia”, which extended the smoking ban to closed places (except for the
home) to protect the health of non-smokers (Ministry of Health, 2019).

The traditional deterrent measures for the prevention of smoking adopted by the
Ministry of Health, as suggested by the WHO (WHO, 2021), are the followings:
prevention campaigns, restrictions on marketing and increases in taxes on tobacco

products, and improvement of smoking cessation strategies (Ministry of Health, 2020).

In recent years, the anti-smoking campaigns promoted by the major scientific and

medical societies have greatly contributed to informing citizens about short and long-
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term risks, obtaining a significant increase in patients who turn to the health structures
in charge to undertake the cessation process (Ministry of Health, 2020). However, to
date the success of such strategies is very limited (Garnett et al., 2020). As a matter of
fact, various pharmaceutical formulations containing the nicotine alkaloid have been
approved worldwide, including transdermal patches, chewing gum and nasal sprays,
as well as real drugs such as varenicline and bupropion, in order to facilitate the smoker
in the path of breakdown (Eisenberg et al., 2008). On the one hand the pharmacological
component plays a central role in the development of addiction, on the other hand it is
noteworthy that as well no less relevant are genetic, environmental, or social factors
and linked for example to gestures or to some rituals associated with smoking (Liu et
al, 2019). Alongside the substitution therapy, in the last two decades, various
alternative nicotine-releasing products have emerged and have been classified as
electronic nicotine delivery systems (ENDS). The most common today are electronic
cigarettes (e-cig) and devices that heat tobacco without burning it (Heated-Tobacco-

Product) (Vivarelli et al., 2022).

Electronic Nicotine Delivery Devices (ENDSs) have been proposed to the public as a
valid means of fighting smoking conventional cigarettes (CCs). The success of these
devices was mainly caused by the fact that, for the first time, the smoker was offered
the possibility to intake nicotine by inhaling and exhaling steam, by a device that
allows to mimic, from the point of view of gestures, the natural behaviour of the addict
(British Medical Association, 2013). Furthermore, since it is claimed that the
phenomenon of combustion is not in the picture, these devices are advertised as
capable of delivering vapor deriving from heating the liquid, thus avoiding the
combustion process typical of traditional cigarettes which causes the release of toxic
products. Presented to the public as "reduced health risk" devices, e-cigs have spread
widely, particularly among the youngest (Food and Drug Administration FDA, 2018).
However, the idea of harmlessness of these products clashes with a whole series of
recent studies, which have shown, in animal models, multiple harmful effects on health
following exposure to steam from e-cigarettes (Sussan et al., 2015; Canistro et al.,
2017; Lee et al., 2018). It has been shown that the vaporization process, with the

temperatures associated with it, is sufficient to cause the formation of toxic compounds



such as acrolein, acetaldehyde and formaldehyde (Goniewicz et al., 2014; Jensen et

al., 2015; Cirillo et al., 2019).

Even though these discoveries were enough to induce the WHO to declare that the
safety of ENDSs has never been demonstrated and that an exhaustive answer on the
toxicological assessment of these devices is missing (WHO, 2014; WHO, 2020), some
epidemiological studies have strongly questioned the role of ENDSs in tobacco
smoking cessation. As a matter of fact, a study published by The Lancet has shown
that there is no real advantage in replacing traditional transdermal aids for nicotine
release with ENDSs (Bullen et al., 2013). Furthermore, a systematic review of the
literature conducted by Kalkhoran in 2016 and published in the journal "Lancet
Respiratory Medicine" determined that the use of these new tools for switching from
traditional cigarettes is associated with a low probability of overcoming nicotine
addiction and, in fact, encourages the induction of young adults who perceive them

less toxic to the body (Kalkhoran, 2016).

ENDSs spread widely all over the world particularly thanks to the assumption of lower
toxicity compared to conventional cigarette; a message effectively propagated by
several advertising campaigns, despite that was not supported by scientific evidence.
The National Institute for Health and Care Excellence (NICE), supported by some of
the most prestigious journals, underlined the lack of data on the actual safety of ENDS,
urging the scientific community to conduct independent studies on this phenomenon
(UK National Institute for Health and Care Excellence., 2007; Nature Editorial., 2019).
Additionally, some studies have observed how exposure to e-cig is associated with
toxic effects that increase the risk of cancer such as oxidative injury, DNA damage
and epigenetic changes (Canistro et al., 2017; Lee et al., 2018). Noteworthy, recent
evidence seems to suggest that the use of nicotine-free liquids, perceived as safer,
release higher concentrations of some toxic compounds such as the aldehydes acrolein,
formaldehyde (Group 1, carcinogenic to human, IARC, Lion) and acetaldehyde
(Group 1) when compared with their respective additions with nicotine (Cirillo et al,
2019a; Jensen et al., 2015). Vapor exposure has recently been associated with the
overproduction of reactive free radical species, which can cause inflammation and

DNA damage as well as the activation of signalling or metabolic pathways associated
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with an increased risk of cancer (Sussan et al., 2014; Canistro et al., 2017; Lee et al.,
2018; Cirillo et al., 2019b). On the one hand, the literature on the toxicological aspects
related to the use of e-cig is being outlined in recent years, the most recent sale of the
HTP has introduced a completely new variable which needs studies in order to

understand the putative toxicological effects and the real risk-benefit ratio.

In 2016 Philip Morris International (PMI) introduced the THS (Tobacco Heating
System) product marketed under the name IQOS®. This product is placed in a hybrid
context between traditional cigarettes and electronic cigarettes as it is based on the
"heat-not-burn" technology to heat the tobacco “avoiding combustion”. Studies
regarding this device, due to its recent release on the market, are still limited and often
controversial. Research that concludes that the “aerosol” generated by IQOS®
contains minimal quantities of toxic substances that would represent an extremely low
risk for the consumer (Lo Sasso et al., 2016; Philips et al., 2016), are contrasted by
many others in which the use of this device, due to the generation of a smoke
containing a plethora of toxic and carcinogenic compounds typical of those generated
by conventional tobacco cigarettes, is considered a potential health hazard and its
spread is stigmatized (Auer et al., 2017; Kaltz et al., 2017). The recent marketing
authorization by the Food and Drug Administration (FDA) of the label of "Modified
Risk Tobacco Products" (MRTP) to the heated tobacco product device marketed under
the name of IQOS® (Jaklevic, 2020), has contributed to direct public opinion in
considering these products as an effective method to fight smoking habits,
notwithstanding the scientific literature is lacking in clinical studies to support efficacy
as a method for cessation, and data on toxicological effects is currently limited and in
many cases is provided by non-independent studies (McKelvey et al., 2018). On the
other hand, recent evidence clearly shows that IQOS® emits carcinogenic by-products
that are produced by the “incomplete” combustion of tobacco (about 300-350 Celsius
degrees) such as Polycyclic Aromatic Hydrocarbons (PAHs) and aldehydes (Auer et
al., 2017). On the other hand, it is important to underline the fact that even in the
traditional cigarette, where it reaches about 600-750 degrees Celsius, the combustion
is just as incomplete as it would take at least 1300-1400 degrees Celsius (Auer el al.,
2017). These results challenged the very concept of “no smoke” implied by the name

“Heat-not-burn”. Furthermore, some basic studies have reported cytotoxic effects and
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tissue damage at the lung and vascular level comparable to those triggered by
traditional tobacco smoke (Davis et al., 2019; Nabavizadeh et al., 2018; Leigh et al.,
2018; Moazed et al., 2018; Cirillo etal.,2019 Toxicol Sci).

The aim of this research project was to study the impact of the [QOS® aerosol on male
rats of the Sprague-Dawley strain, to underline a toxicological profile in a chronic
exposure, with particular attention to oxidative stress phenomena and the modulation
of the main xenobiotic metabolizing enzymes in primary organs target as well as in
secondary ones. Furthermore, the research carried out at the University of Nottingham
allowed to investigate in vitro the effects generated by the exposure on viability of
peripheral blood mononuclear cells (PBMCs) and human lung adenocarcinoma cell

line (Calu-3) of HTP, e-cigs and conventional cigarettes.

In the last part of the thesis, conducted at the University of Milano — Bicocca, the aim
of the research was to set up a in vivo Positron Emission computed Tomography (PET)
imaging procedure meant to be applied to the monitoring of ENDS and HTPs toxicity.
Due to time constraints (6 months), only the first stage of the research, involving the
use of control mice, was carried out. In particular, molecular imaging using [18F]-
fluorodeoxyglucose (FDG) as radiopharmaceuticals allows the in vivo measurement of
regional lung and brain metabolic activity at both preclinical and clinical level
(Chierichetti and Pizzolato, 2012). Furthermore, an increase of FDG uptake is present
also in activated inflammatory cells. For this reason, FDG PET may be used also to
monitor the peripheral inflammatory response to pathogens or toxins (Zambelli et al.,
2012). More specifically, I obtained normative data of regional brain metabolism and

connectivity derived from mice of different ages.



PART A.
Chapter One

The need to overcome the Tobacco Epidemic

Worldwide the tobacco epidemic has caused the death of more than 8.7 million people
per year, among which more than seven million are caused by direct use of tobacco
whilst around 1.2 million are caused by second-hand smoke in non-smokers (WHO,
2022), and, to date, it is commonly known as tobacco smoke is one of the risk factors
for several diseases that can be easily removed (WHO, 2021 global report). Its impact
on chronic diseases is well-proven and undeniable (US Department of Health and
Human Services, 2014; Jha et al, 2013; Thun et al, 2013); hence, after great scientific
evidence which correlated cigarette smoking in the development of serious diseases,
such as respiratory, cardiovascular and cancer (Royal College of Physicians of London
1962; U.S. Department of Health, Education, and Welfare [USDHEW] 1964) in 1950s,
tobacco industries made efforts to reduce the toxicants, especially overall tall and
nicotine yields of cigarette, and the introduction of filters in order to reduce their

negative effects.

Unfortunately, those changes were not effectively useful as tobacco smokers found
ways to compensate them: for instance, smokers used to cover the ventilation holes
introduced in the cigarette so that the smoke exposure was no longer reduced
(Kozlowski et al. 1980, 2002, 2006). Furthermore, as times goes by it became clear
how there were no beneficial impact on public health generated by the changes in
reduced machine-measured tar and nicotine yields in cigarette; there was not a direct
relationship between tar and nicotine levels and risks for cigarette-related diseases
(NCI 2001; Thun and Burns 2001). Truly, machine-measurements of toxicants may
not reflect exactly the actual human exposure, because the smokers might smoke more
cigarettes with low toxicants or nicotine compared to the number of normal cigarettes
that they used to smoke and, consequently, even if there is a reduced exposure to
toxicants in each cigarette it does not translate it into a decreased risk of diseases

(CDC, 2010).

As modification on the conventional cigarette (CC) were unsuccessful, the WHO

proposed guidelines to discourage the use of tobacco, which considers the use of
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pictorial health warnings on the packaging, smoke-free law to protect the health of
non-smokers, bans on tobacco advertising to reduce the consumption and introduction
of tobacco taxes useful tools (CDC, 2010; WHO, 2022). Undeniably, the previous
policy-level measures are considered a good form of prevention together with the
regulation of who, how and where can purchase tobacco products (NIDA, 2021). The
success of these measures has been shown in several studies, which have proved that
significant reductions in smoking has been determined by higher taxes on cigarettes
(Chaloupka et al, 2012) and that restrictions on sponsorship and smoking indoors and

in workplace showed advantages (Warner et al, 2014).

Furthermore, with the WHO supervision, in 2003 the world's first international treaty
for the protection of public health was established and named “Framework Convention
on Tobacco Control”, which entered in force since 2005. It aims to reaffirm the right
of the highest standards of health of all people, and to do so it challenges some of the
causes of the tobacco epidemic previously described. The Framework Convention
establishes the objectives and legally binding principles that the signatories (countries
or organizations for economic integration, such as the European Union) are required

to respect (WHO FCTC, 2015).

Yet, did tobacco industries need to evolve and develop new devices for deliver nicotine
without the hazard of CCs. In this way, Nicotine Delivery Systems (NDS) were
designed as a useful tool to help people replace the CCs. Among, these systems there
are the electronic cigarettes (e-cig), also known as Electronic Nicotine Delivery
Systems (ENDS) which are “non-combustible” tobacco products, and the heated
tobacco products, which claim to heat the tobacco “avoiding the combustion”

phenomenon.

1. Nicotine Delivery Systems: ENDSs or Electronic cigarettes
The ENDSs, or e-cigs, have been developed to create an alternative to the use of CCs

and, consequently, to tobacco smoke (Breland et al, 2017).

The ancestor of modern e-cig is a prototype realised by a Chinese pharmacist named

Dr Hon Lik and dates to 2003, which is based on the emission of high frequency
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ultrasounds to vaporize a liquid (e-liquid) so that it creates a vapor comparable to
traditional cigarette smoke. In 2004 Dr Lik’s device, through the Golden Dragon
Holdings Corporate Limited, obtained a patent in Canada as a non-smokable electronic
spray cigarette, with the commercial name Ruyan (smoke in Chinese) (Draisci et al.,
2016). Thus, it shortly spread all over the world mostly thanks to an advertisement
campaign which described the products as safer for health than conventional cigarette
and was shared through digital platforms (internet, television, radio) and printed ones
(newspapers, advertising board). Therefore, as early as 2013, the Tobacco Industry
decided to embark on the e-cig market. Since then, the marketing of these devices has
expanded more and more, even though for years there was not proofs that the use of
e-cigs was actually safer, as no production of effective safety dossiers or evidence of
a real benefit on public health, including all population groups, counting those of
vulnerability such as children, pregnant women or the elderly, was provided (Grana et
al., 2014).

Thus far, the e-cigs vaporize the e-liquid through an atomizer powered by a
rechargeable lithium battery and the most appealing factors are the possibility of
customization these devices with different nicotine percentage, different aromas, and
on the modulation of voltage and resistance, which determines a variation on the
quality of the vapour generated, and they were advertised as safer than CCs. One of
the main advantages is the possibility of emitting a tar-free vapor, as a result it
significantly reduces the presence of harmful compounds to human health and allows

the users an experience similar of the one obtained through traditional smoking.

Despite the changing in the design and technical characteristics, these devices share
basic components: = the drip tip, or spout, an instrument on which the lips rest to inhale
the vapour; = a rechargeable lithium-ion battery; = a tank containing the e-liquid; = an

atomizer which allows the production of the vapour (Fig. 1).

Compared to the traditional cigarette, does not the e-cig present the filter needed to
hold back the most dangerous components of the inhaled smoke, but only a cartridge
consisting of a small tank useful for containing a liquid, or rather a mixture of liquids.
This mixture consists of propylene glycol, glycerol, water, flavours (mint, vanilla,
cigar, fruit, etc.) and sometimes nicotine.
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Fig. 1. Basic components of e-cig. The drip tip, or spout, an instrument on which the lips rest to inhale
the vapour; a rechargeable lithium-ion battery; a tank containing the e-liquid; an atomizer which allows
the production of the vapour.

It is possible to distinguish two main classes of e-cigs: “closed” e-cigs, which cannot
be refilled, nor any fundamental part of the device (battery or atomizer) can be replaced
by the costumer; “open” systems, which allow the users to customize the device as
they please, namely replacing several components such as the atomizer (single or
multiple coil) with a range of electrical resistances in terms of Ohm, voltage applied

and composition of the e-liquid.

The atomizer (or vaporizer) constitutes the heart of the device: it is made of a metal
conductor, usually in the shape of a coil, which is heated by the electric power
circulating in the device. This one heats the e-liquid contained in the cartridge,
consequently generating a gaseous suspension that holds the substances to be inhaled.
The internal circuit of the device is powered by a lithium-ion battery that allows you
to enclose a lot of energy in a small space. The standard power supply voltage is 3.7
V, although on the market it is possible to find models called “BB” (big-battery) which
allow a greater heating of the liquid to make the smoke denser and more concentrated.

Finally, in some cases there is a LED light that can light up during suction.

Unlikely traditional cigarettes which are pre-made, e-cig devices are customizable

regarding the running parameters (voltage and power output) and chemical
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composition of the e-liquid. The composition of the mixture can vary in terms of the
percentage of glycerol, propylene glycol and nicotine (up to zero) and it can have a
wide variety of flavours. It is also possible to change the output power from the battery
by applying coils with different resistances to obtain a more satisfactory experience
(Cirillo et al., 2019a). At the same time, these differences in terms of components or
use, result in a great variability in the method by which electronic cigarettes heat and
convert the solution into aerosols and consequently the levels of nicotine and other
chemicals inhaled by the user. This flexibility makes it challenging to conduct studies
under standardized conditions, as well as the comparison of results for the purpose of

systematic analyses to determine short and long-term risk (Grana et al., 2014).

These items are not yet approved as therapeutic techniques for overcoming the
addiction to tobacco smoking and hence are not classed as Nicotine Replacement
Therapy (NRT). Furthermore, the Tobacco Vapor Electronic Cigarette Association
(TVECA) describes them as less harmful products than cigarette smoke, but not as
substitutes for NRTs (Draisci et al., 2016). Since 2014, the WHO, jointly with the US
Food and Drug Administration (FDA), highlights the lack of satisfactory studies
regarding the safety of the e-cig, the effectiveness in smoking cessation and the

possible presence of toxic substances present in its steam.

Even though the safety of e-cig use was widely spread in the early years of their
marketing, the recent literature reports an expanding body of evidence on the possible
toxic effects determined using these devices (Canistro et al., 2017; Cardenia et al.,

2018; Lee et al., 2018; Cirillo et al., 2019a) which will be discussed later.

1.1. Nicotine Delivery Systems: NRT versus Electronic cigarettes
Nicotine is an alkaloid present in tobacco leaves and is its main active ingredient. The
European CLP Regulation (Classification, Labeling and Packaging) defines it as
harmful by ingestion, inhalation or contact with the skin and toxic to aquatic life with
long lasting effects (ECHA). This substance in high concentrations is a powerful
neurotoxic poison, but, if taken in small doses, it generates tolerance and psychomotor
and psychological dependence. In fact, nicotine addiction is the main reason why

people continue to smoke (Shi et al, 2021).
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Nicotine Replacement Therapy (NRT) involves the intake of the alkaloid nicotine in
other ways than through the inhalation of combusted tobacco, thus avoiding the related
damage. The approved medical devices include transdermal patches, inhalers, chewing
gum and tablets. Moreover, the guidelines also make available the use of drugs such
as bupropion, capable of inhibiting the re-uptake of dopamine, norepinephrine,
serotonin and, also, of antagonist activity against nicotinic receptors. Other drugs used
are varencycline, a partial agonist of nicotinic receptors, and topiramate, an
anticonvulsant drug that inhibits carbonic anhydrase, also used in slimming therapies
but considered second choice for nicotine cessation. Nortriptyline, a tricyclic
antidepressant drug, is used above all to counteract the secondary symptoms that result
from abstinence from smoking. Finally, clonidine, a 2-adrenergic receptor agonist
often used as an antihypertensive, has shown promising effects in the treatment of

various addictions, including nicotine and opiate addictions (NHS, 2022).

NRT is classified as one of the NDS, as previously described, and its aim is to
systematically reduce the nicotine intake, discouraging the consumption of
combustible tobacco, without the tar and other harmful chemicals present in the
tobacco smoke and to alleviate the unpleasant withdrawal symptoms that occurs with
smoking cessation (Silagy et al, 2004). However, it never completely eliminates those
symptoms because it cannot replicate the rapid and high levels of nicotine achieved
with the inhalation of tobacco smoke (Molyneux et al, 2004). Indeed, a high dose of
nicotine reaches the brain after minutes or hours with NRT whilst it only does it after
seconds if inhaled (A clinical practice guideline for treating tobacco use and

dependence: A US Public Health Service report. 2000).

Nicotine has been considered harmless by many, mostly since it does not cause the
major adverse effects among combustible cigarette users. However, taken alone, the
alkaloid is able to damage cells especially in arteries, posing some health risk,
especially cardiovascular risk, which is relatively small for smokers (Heeschen et al.,
2001; Nordskog et al., 2003; Morris et al., 2015; Shi et al, 2021). Notwithstanding the
evidence, some perceives nicotine and, consequently, the NRT as unsafe, sometimes
as CCs are (Wikmans and Ramstrom, 2010; Harrell et al, 2015) and this belief might
not lead them to choose NRT to help them quit smoking. On the other hand, NRT’s

14



safety and effectiveness as a quitting aid have been well established by the scientific
community and NTSs are regulated by the US FDA (Cahill et al, 2013; Nutt et al,
2014).

As was pointed out earlier in this chapter, e-cigs are considered an “electronic” NDS
even though are not recognised among the NRTs by the US FDA, despite they are
advertised utilizing cessation-related claims (Grana, Benowitz and Glantz, 2014).
Truly, scholars argue about their effectiveness as a quitting aid and their safety,
however evidence is not strong and therefore inconclusive (Hartmann-Boyce, Begh
and Aveyard, 2016; Malas et al, 2016). As a matter of fact, despite some of them claims
that e-cigs are successful in helping smokers quit better than NRTs (Lindson-Hawley
et al, 2016; Hajek et al, 2019; Lindson et al, 2019), others are more worried about the
harm that these devices could impose and state that potentially they might be more
hazardous than CCs (Glantz and Bareham, 2018). Indeed, thanks to more recent
research studies scholars tend to agree that e-cigs are not harmless, in particular for the
long-term use (National Academies of Sciences, Engineering and Medicine, 2018;
Madison et al, 2019). Indeed, it has been observed how the exposure to e-cig vapours
can not only damage the lungs (Canistro et al, 2017; Lee et al, 2018; Cirillo et al,
2019a; Glynos et al, 2018;) but also secondary target organs as CCs do such as brain,
testicles and heart (Cardenia et al, 2018; Nguyen et al 2018; Vivarelli et al, 2019;
Caporale et al, 2019).

However, some considers e-cigs as useful tools that can help CC smokers to quit
smoking more than NRTs, so much that they have been officially suggested by the UK
NHS (NHS, 2022); and even provided free of charge to pregnant women. How can
that be possible? Several studies, which focus on the efficacy as quitting tools and
confront e-cigs to NRTs, have as a final goal that smokers stop using CCs (Hajek et
al, 2019; Myers Smith et al, 2021). As a matter of fact, it should be pointed out whether
people who use e-cigs as an aid to quit continue to use them in the long period. There
is currently only limited empirical work on follow-ups in their studies and it has been
shown how e-cig users were still using the devices after one year (Cook et al, 2019;
Hajek et al, 2019; Jackson et al, 2021), with percentages that fluctuate between 39,5%

to 80%. This evidence is worth noting, because it suggests that e-cigs are not mostly
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used as a temporary aid but as a replacement for CCs (Hajek 2015; Jackson et al, 2021;
Smith et al, 2021) and that reality is concerning as long-term use effects are yet not

well known.

1.2. Electronic-cigarettes or Vaping Associated Lung Injury or EVALI
In 2019 an outbreak of lung injury has been observed in people living in the USA, with
a number of 1080 cases circa reported to the US Center of Disease Control and
Prevention (CDC) and among those cases eighteen deads have been counted (CDC,
2020), rapidly reaching epidemic level (Smith et al, 2021). What they had in common
was the smoking of e-cigs, and consequently this pulmonary disease has been named

“E-cigs or Vaping Associated Lung Injury” (EVALI) (CDC, 2020).

EVALI is characterised by a plethora of very different manifestations, like respiratory,
gastrointestinal and systemic symptoms, such as fever and fatigue, which occur any
time after vaping, even weeks later (Chatham-Stephen et al, 2019; Crotty Alexander
et al, 2020; Kligerman et al, 2020), and can manifest with lipoid pneumonia,
hypersensitivity pneumonitis, acute eosinophilic pneumonia and diffuse alveolar
haemorrhage (Sommerfeld et al, 2018; Agustin et al, 2018). Even though its pathology
is still not well understood and there are not specific histological findings so far, a
great number of cases showed signs of foamy macrophages and pneumocyte

vacuolization (Butt et al., 2019; Maddock et al., 2019).

What causes this pathology has been investigated for months, and still is, and thanks
to the patients’ interviews it has been found out some recurring elements:
tetrahydrocannabinol and the vitamin E acetate added to the self-prepared e-liquid
(CDC, 2019). Truly, the causes will probably remain unclear as new cases have been
declined in numbers and there are not any new EVALI updates issued by the CDC
(The Lancet Respiratory Medicine, 2020), probably because the declined incidence of
EVALI cases coincides with the COVID-19 pandemic (The Lancet Resp. Med., 2020).
Furthermore, in an investigation into COVID-19 and vaping, Gaiha et al. found out
that the pandemic might have a correlation with the use of e-cigs. As a matter of fact,
e-cig users have shown a risk of COVID-19 diagnosis and symptoms up to five or
seven-times increased compared with non-users (Gaiha et al., 2020). In addition,
another important cause of concern is that EVALI determines a lung damage as well
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as COVID-19 does, which could also bring to a collision among their symptoms
worsening the prognosis (Gaiha et al., 2020). The generalisability of much published
research on this issue is problematic, as some scholars agree with the increasing risk
correlated with e-cig use (Tattan-Birch et al., 2021; Kelesidis et al., 2022) and others
do not (Jose et al., 2021; Camacho and Murphy, 2021).

The EVALI outbreak brought up to light that the use of e-cigs as cessation aid to stop
smoking CCs should not be sponsored. Indeed, a great number of people who stopped
smoking through this tool actually switched and became current users of e-cigs
(Caponnetto et al., 2013; Hajek et al., 2019). Thus, they might put themselves in danger
of lung injury caused by vaping and the onset of EVALIL Moreover, it is indeed
important to spread awareness and correct the misconception about EVALI and its
known causes as the majority of people have mostly no knowledge about the
pathology, the relationship with e-cigs that causes its onset (some only correlated it to
some devices, like Juul) (Wackowski et al., 2022). Anyhow, the CDC recommend all
to abstain from the use of vaping devices with THC and vitamin E in the e-liquid and
in its fact-sheets remind that e-cigs are not recognised as a cessation tool by the FDA

(CDC, 2022).

2. Heated Tobacco Products HTPs

The HTPs are an emerging type of NDSs which is gaining more and more visibility in
the latest years even though their idea of heating the tobacco avoiding the combustion
phenomenon of the tobacco sheet is older than what some might think. As a matter of

fact, the first device designed takes us back to the late 1980s (RJR,1988).

In 1989 the R. J. Reynolds Tobacco Company (RJR), an American tobacco
manufacturing company now own by British American Tobacco (BAT), marketed
Premier, an innovative type of cigarette which allowed the tobacco to be only heated
instead of undergoing combustion to offer an alternative to the group of smokers who
was concerned about “the smoke from burning tobacco” (RJR,1988). It worked using
a refined carbon tip which, once lightened, generated warm air which passes through
the glycerine-humectated tobacco sheet and was then cooled thanks to a filter located
before the regular cigarette filter, generating the idea of a cleaner smoking enjoyment
(RJR, 1988). However, Premier did not have success and was withdrawn from the
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market after 6 months only, due to smokers disliking its taste and smell together with
the fact that it was not easy to use (RJR, 1990). Notwithstanding, a couple of years
later the Lancet journal claimed in one of its editorial that Premier idea of NDS was
positive as it allowed to continue to smoke with less tar as possible, consequently being
exposed to less carcinogenic substances (Benoit and Richard, 1991). Moreover, the
editorial pointed out the importance to promote this type of devices by the health
authorities, particularly in the UK (Benoit and Richard, 1991).

In 1994 RIJR presented a new version of Premier, called “Eclipse”. To avoid another
failure, this updated product was elaborated on consumers’ response on flavour and
ease of use together with understanding of the brand’s benefits in order to increase
brand approval (Savoca, 1989; BRM Research, 1992; ICSH, 1992; Simmons, 1994;
Reynolds, 1994). The customized field marketing method used by RJR to promote
Eclipse allowed RJR to create a specific group of devotees while avoiding the rejection
suffered for Premier's advertising. The Sneak Preview parties for Eclipse were
intended to persuade smokers of the social, cosmetic, and health "benefits" of the
product and to drive them to spread the word to others. RJR might escape legal
responsibility for health claims made by smokers to each other by disseminating word-
of-mouth information about Eclipse even though all promotional actions, including
viral marketing, must hold cigarette producers liable for supposed health advantages
(Anderson and Ling, 2008). Indeed, it appears that volunteers who had been exposed
to Eclipse or heard of it thought it was less dangerous than traditional cigarettes
(Shiffman et al. 2004; Hughes et al. 2005) but evidence showed otherwise. According
to a report commissioned by the Commonwealth of Massachusetts Department of
Public Health, intensive machine smoking of Eclipse delivered levels of key lung and
cancer-causing toxicants (e.g., acrolein, CO) that were comparable to, or higher than,
those found in two commercial cigarette brands revealing that the device offers no
evident advantage to consumers over CCs (Labstat 2000). Despite the unsuccess of
Premier, Eclipse last more years: in fact, it still is on the market but in limited supply
since 2014 (Felberbaum, 2014).

On the other hand, another typology of HTP was launched by the Philip Morris
International (PMI) in 1997 into the USA market, named 'Accord’, and in 2007 with a
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comparable device, called 'Heatbar', in Germany, both of which were abandoned soon
and served as forerunners of IQOS (Elias et al., 2018). Those HTP worked in a
different way: as a matter of fact, they did not have carbon tips such as the RJR ones
but consisted of a heater that provided electricity to the system and a cigarette designed
to be used exclusively with these devices. Indeed, a sensor was able to recognize the
size of the cigarettes inserted and in the event of a mismatch it did not allow the device

to turn on (Elias et al., 2018).

To date, HTPs (or heat-not-burn) are intended to heat tobacco leaf/sheet to a high
enough temperature to produce nicotine-infused aerosol “without burning or emitting
smoke” and mostly use an electronic source to provide the heat (Tattan-Birch et al.,
2022). For instance, a HTP is the Tobacco Heating System THS 2.2 also known as
IQOS® (WHO, 2018). The extent to which it assists adults in quitting smoking is
uncertain, and its influence on young smoking is debatable (Czoli 2020).
Consequently, it is unknown what effect HTPs will have on overall smoking

prevalence (Tattan-Birch et al., 2022).

2.1. IQOS®
IQOS® is an innovative device branded by PMI in 2016 extremely different from the
e-cigs, since it does not vaporize flavoured liquids, but heats tobacco sticks without
using the combustion produced by CCs. The same company defines this device as one
of the most important milestones for the realization of a smoke-free future, considering
that in 2019, 10 million smokers have already converted (PMI, 2019a) and in early
2022 estimates that number has increased up to 15.3 million (PMI, 2022).

This device is based on a PMI patent called "Heat Control Technology," which heats
the tobacco at a controlled average temperature of 350°C, as opposed to the 700-750°C
of a traditional cigarette, without ever activating the combustion process, which results
in the formation of smoke, ash, and persistent odour together with the release of

numerous toxic compounds, such as benzene, formaldehyde, tar, etc. (Rossel, 2016).

The IQOS® device consists of three main components (Fig. 2): « HeatStick, the
tobacco stick. This element has a section containing the tobacco intended for heating

through the holder blade and a series of filters. Starting from the end that comes into
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contact with the consumer's mouth, there is a cellulose acetate filter, a polylactate filter
and an air chamber filter; « Holder, the battery-powered heating support and the
component used directly by the user for smoking. It has a shape similar to the
traditional cigarette to resume mimicry and the habit of consuming it. It consists of a
plastic casing containing the electronics, a small capacity battery (120 mAh) and the
heating blade located in the housing of the stick; this blade, once the user has inserted
the stick and turned on the device, heats the tobacco remaining below the combustion
threshold. The device is only programmed to provide 14 aspirations in a 6-minute
usage window, above which the user is forced to remove the stick, wait the time
necessary for the holder to recharge and possibly smoke again. There is also a status
LED which signals the terminal stages of use of the inserted stick through intermittent
ignition accompanied by vibration; « Charger, deputy to refill the actual cigarette. This
element carries out the function of transport and recharging the device thanks to a
battery with a capacity of 2,900 mAh. It has some LEDs for displaying the charging
status of the cigarette, the percentage of remaining battery, and possibly integrates the
bluetooth function for data communication to mobile devices (PMI, 2019b; Hyo-sik,

2017).
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Fig. 2. Main components of the IQOS device. IQOS presents: heatstick, the stick of tobacco; holder,
the heating element used for smoking; charger, which charges the holder.

Based on its research, PMI concluded that IQOS aerosol contains substantially fewer
(approximately 90%) of the harmful and potentially harmful components (HPHCs3),
compared to CCs, and that this reduction in the levels of HPHCs in the aerosol leads
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to lower exposure and reduced toxicological effects (in vivo and in vitro) and that the
risk of smoking-related diseases is likely to be reduced (Adriaens et al., 2018).
Furthermore, the lack of combustion means that no ash and fine dust particles are
generated. The tobacco “vapour” produced by the IQOS system is made up of 90%
water and glycerin (PMI, 2021). However, IQOS® cannot be defined as a risk-free
product but only a modified risk product, as it provides also nicotine, a toxic

parasympathomimetic alkaloid responsible for addiction.

In this regard, on July 7, 2020, the US FDA authorized the marketing of IQOS® as a
"modified risk" tobacco product. This authorization grants the device the possibility
of being sold with the term "modified exposure" product for the benefit of public health
(FDA, 2020). After evaluating several scientific tests and research conducted by PMI
as well as independent institutions, the authority decided that the entire shift from
traditional smoking to IQOS® greatly minimizes the body's exposure to harmful or
potentially dangerous substances. As a result, the FDA believes that marketing this
product in the United States will help not just individuals who use tobacco products,
but also those who passively inhale the smoke. Finally, it is critical to emphasize two
key points: the device in question is neither risk-free nor approved by the body, which,
in accordance with World Health Organization recommendations, stresses that the
only way to prevent smoking-related diseases is complete abstinence; however,
IQOS® is the first and only electronic device to be recognized as a Modified Risk
Tobacco Product (MRTP) (FDA, 2020).

3. Legislation

To date in Italy there are 11 million people, approximately, who habitually smoke
tobacco products. Since 2008, the percentage of smokers has decreased throughout the
territory, probably due to restrictive rules, such as the ban on smoking in public places,
and the adoption of educational programs aimed to increase awareness of the health

risks associated with tobacco consumption (Italian Ministry of Health, 2019).

However, according to a survey aimed at monitoring behaviour related to tobacco use
by the "Global Youth Tobacco Survey" (GYT, 2018), the numbers of young smokers
have experienced an increasing trend. The survey, indeed, finds that between 2017 and
2018 21.3% of 1680 Italian students currently use tobacco products. Among these
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ones, 20.8% use traditional cigarettes against 23.4% in 2014, while 17.5% of students
use electronic cigarettes regularly compared to only 8% in 2014. These products, put
into trade to guide the smoker in the path of cessation or simply to represent a safer
alternative to traditional cigarettes, therefore seem to have had a paradoxical effect. As
a matter of fact, as they have been advertised as safer or less harmful, non-smokers

may be tempted to get closer to the habit.

In Italy, the first law protecting non-smokers’ health was enacted on 11 November
1975. This decree prohibited the consumption of tobacco products on public transport
(except for vehicles specifically dedicated to smokers) and in specific sites such as
hospitals, cinemas, theatres, libraries and universities. With the "Sirchia law" of 2003,
this ban was extended to all indoor places, except for the houses. In the same year,
electronic smoking devices (ENDS) appeared on the market, which, although at first
it was thought that they could be excluded from the legislation as they are tobacco-

free, they were also later regulated.

To date, there is no ban for electronic devices on use in public places such as bars,
restaurants or shops, where the decision is up to the operators, although consumption
on means of transport such as trains and planes remains prohibited. ENDS are not
included in the 2003 regulation since, not applying combustion, it was commonly
believed that they did not produce passive smoke, which is the main feature linked to
the protection of non-smokers. The e-cig market in Europe is regulated by the
“Tobacco Products Directive” (TPD) of 2014, which entered into force in May 2016.
It establishes the fundamental rules for the production and marketing of inhalation
liquids. This legislation was implemented in Italy through the legislative decree n. 6

of 12 January 2016.

Therefore, thus far these devices are subjected to strict regulation: in fact, assimilated
to traditional tobacco products, e-cig containing nicotine cannot be sold to minors
under the age of 18 as well as refill liquids which, even via the internet, can only be

purchased whenever the age of the buyer is checked.

At the same time, manufacturers and importers must notify their products to the

competent authorities of the Member States for each new tobacco product they intend
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to market (Smith et al., 2016), providing toxicological data on ingredients and
emissions, data on doses and absorption. of nicotine as well as a detailed description

of the product and the manufacturing process.

In Europe there are also standards relating to the quality and quantity of e-liquids that
manufacturers are required to comply with. In fact, the capacity of the tanks cannot
exceed 2mL, the volume of containers sold for refilling cannot exceed 10mL and the
maximum concentration of nicotine allowed for e-liquids is 20mg/mL (Official
Gazette, 2016). It is important to underline this aspect since there are countries, such

as the United States, that do not set any limits.

In America, the FDA, in 2016, finalized a standard, known as the "Deeming Rule",
which extends its regulatory authority to all tobacco products, including electronic
cigarettes, which until now could be sold without any revision of their ingredients and
production processes. The FDA had attempted to regulate such devices as early as
2008; however, several judgments had denied it authority, not considering these
devices to be tobacco products under the "Tobacco Control Act" (TCA). Thanks to the
"Deeming Rule" restrictions have been imposed on free trade, in particular aimed at

slowing the spread of the vice among young Americans.

The minimum purchase age has been set at 18, restrictions have been imposed on the
sale through vending machines and it has become mandatory to affix a label on
packages and advertisements that read: "WARNING, product containing nicotine,
chemical substance that is addictive ". It is important to remember, however, that most
e-cigs entered the market before the regulatory body had the authority. Therefore, most
e-cigarettes continue to enjoy privileged regulatory status. In 2016, it was established
that the FDA would give manufacturing companies two years to apply for marketing
authorization for existing products and would allow those products to remain on the

market for a further year during the review.

According to this plan, by August 2019, only devices with an affirmative marketing
order would remain on the market. This deadline was later extended to 2022 and the
body stated that the devices, whose companies have applied, can remain on the market

indefinitely, i.e., until overhauled (FDA, 2017).
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It is not yet clear why the FDA has changed course; most believe that this decision
was adopted to facilitate companies in aligning their products with the new provisions.
However, the FDA cannot determine the places in which to allow the use of cigarettes,
this decision is up to the state and local governments. As a result, 10 states have passed
specific anti-smoking laws for e-cigs, which prohibit their use in all those places where

the rule for traditional cigarettes also applies.

Particularly restrictive were the rules regarding the areas of access to young adults
such as schools and childcare facilities (Barraza et al., 2017). In this regard, also in
Italy, according to Article 4 of the Legislative Decree 104 of 12/9/2013, it is not
possible to consume tobacco products, including electronic devices, near schools. This
prohibition affects not only school staff and pupils, but also parents and all those who

are in the vicinity of the affected areas (Official Gazette, 2013).

It is important to remember that the ultimate goal at a global level is to protect public
health, therefore the legislative bodies of the various countries, even if they sometimes
moving differently between them, try to make decisions based on the risk/benefit ratio.
Two key aspects have been considered for electronic devices: increasing or decreasing
the likelihood that users of tobacco products quit smoking in favour of less harmful
devices, and increasing or decreasing the likelihood that those who do not they use

tobacco products, starting with these as they are considered safer.

Other states have deviated from the general landscape; in Norway, for example, the
purchase or use of e-cigs is only allowed if you have the opportunity to demonstrate,
through a document drawn up by a doctor, the need to quit smoking. In Turkey, on the
other hand, although consumption is permitted, the sale of devices and refill liquids is
prohibited. In Thailand it is absolutely forbidden to own and therefore use electronic
cigarettes and this prohibition is also extended to tourists who can be punished with a
fine or imprisonment. Australia and New Zealand only authorize the sale of nicotine-
free devices, deeming the latter a poison. Finally, in Argentina, Brazil, Colombia,
Uruguay and Suriname, countries where traditional tobacco products are freely

marketed, the use of the new devices is prohibited.
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Chapter Two

Impact of E-cig and HTPs on Health
Since ENDS and HTPs are relatively new items on the market as CC alternative
products, the scientific community has been keen to understand whether they are, in

fact, as safe as their producers say.

In contrast to the papers based on studies performed by the Tobacco Industries
themselves, the most recent literature presents a growing collection of research on the
potential harmful consequences determined by these devices (Canistro et al., 2017;
Cardenia et al., 2018; Lee et al., 2018; Cirillo et al., 2019a). As a matter of fact, they
might jeopardize human health, as they had shown negative impact on: lung function,
enhancing impact on phase-I carcinogen-bioactivating enzymes (Canistro et al., 2017),
airway inflammation and injury (Carter et al., 2017; Ghosh et al., 2018; Cirillo et al.,
2019a) but also co-mutagenic and cancer-initiating effects of e-cigs vapour in a rat
lung model (Canistro et al., 2017; Lee et al., 2018); brain, disrupting lipid and
cholesterol balance in the rat brain, which may lead to the development of
neurodegenerative disorders (Cardenia et al., 2018), loss of blood-brain barrier (BBB)
integrity and neurovascular inflammation (Kaisar et al., 2017); cardiovascular system,
increasing in blood pressure, determining an unusual pattern of heart rate (Qasim et
al., 2017; Middlekauff, 2020) and higher risk in platelet aggregation in vitro or in vivo
(European Heart Network, 2019).

The ways ENDS and HTPs have been discovered to influence health will be discussed

in this chapter, but first the harmful by-products in their emission will be reviewed.

1. Chemical analysis studies of CCs alternatives
Early research about these devices focused on the production of harmful thermal
breakdown products that potentially endanger the health of users and bystanders.
Tobacco-specific nitrosamines (TSNAs), metals, polycyclic aromatic hydrocarbons
(PAHSs), volatile organic compounds (VOCs), carbonyl compounds, and aldehydes are
among them (Ratajczak et al., 2018). Since ENDS and HTPs operate and behave

differently, each product will be now addressed separately.
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1.1.Presence of hazardous substances in ENDS emissions
The first research on this topic were undertaken in 2008-2009 (Westenberger., 2009;
Laugesen., 2021): eighteen brands of e-cig liquids available on the US market were
evaluated, and the US FDA then did a similar examination. The analyses revealed
traces of aldehydes such acrolein, formaldehyde, and acetaldehyde, as well as metals
(mercury) (FDA., 2009). Exposure to these compounds is the main cause of frequent

adverse events reported by consumers (Goniewicz et al., 2014).

Formaldehyde and acetaldehyde are classified as Group 1 carcinogens (definitely
carcinogenic to human) and Group 2B (possible human carcinogen), respectively, by
the International Agency for Research on Cancer (IARC, 2012). Acrolein is listed as
a dangerous air pollutant by the United States Environmental Protection Agency (US
EPA, 2003), and appears to be the leading cause of nasal and pharyngeal mucosal
irritation, lung wall changes, and the genesis of cardiovascular disease in patients who
smoke (Goniewicz et al., 2014). Jensen and colleagues successfully reported that the
emission of aldehydes is strongly connected to the vaping pattern. The formaldehyde
content was undetectable at low voltage, however as the voltage increased, an average
of 380 g was spotted in the aerosol, determining a daily inhalation of 14 mg
formaldehyde circa in e-cig users who smoke at a rate of 3 mL per day (Jensen et al.,
2015). These findings are especially concerning, especially given that the average

formaldehyde emission is around 3 mg per pack of 20 cigarettes (Counts et al., 2005).

E-cig liquids are made of an infinite number of flavour additives, making flavouring
liquids more appealing, especially to young people (Miech et al., 2017). While the
FDA has examined and approved many of these tastes for oral consumption, hundreds
of flavour e-liquids are commercially accessible without a previous assessment of
potential inhalational toxicity (Zhu et al., 2014). Truly, recent in vitro research reveals
a relationship between aromas and lung tissue damage caused by inflammation and
immunogenic responses, with harmful effects on human airway epithelial and
immunological cells (Leigh et al., 2016; Higham et al., 2016; Clapp et al., 2017;
Rowell et al., 2017). These findings have recently been confirmed through in vivo
models, which show the alteration of asthma pathophysiology associated with flavour

e-liquids even in absence of nicotine (Chapman et al., 2019), and they are of particular
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interest given that up to sixty-six percent of high school students in the United States
use flavour-only e-liquids (Miech et al., 2017). Furthermore, aldehydes derived from
flavouring compounds impacted the activity of cytochrome P450-dependent
monooxygenases (Tani et al., 2014; Chan et al., 2016), particularly by inhibiting
cytochrome P450 2A6, which is implicated in nicotine oxidative metabolism

(Nakajima et al., 1996).

In a 2015 research conducted by Farsalinos and colleagues, 158 flavoured liquids were
examined for the content of diacetyl and acetyl-propionyl. The outcome showed that
74.2% of the samples contained both compounds. This evidence has sparked
widespread concern since inhaling these substances causes respiratory deterioration
owing to the development of obliterative bronchiolitis (Farsalinos et al., 2015). As a
results, the FDA stated that, due to higher initiation rates and current studies, flavoured
cigarettes pose a public health risk (FDA., 2013); in this regard, in the United States,
since 2009, with the implementation of the "Family Smoking and Tobacco Prevention
Act", the sale of tobacco products containing aromas (except menthol) has been
banned by law throughout the territory, and many states have also imposed regulations

on the sale of numerous e-liquids since 2020 (Kaur et al., 2018).

1.2.Chemical-analytical studies on an HTP emissions: IQOS®
The chemical composition of the [QOS® aerosol has been compared to that of standard
3RA4F cigarette smoke. The analyses were carried out using the Health Canada protocol
(Health Canada, 2000) with the exception of the analysis of tobacco-specific
nitrosamines, carried out by liquid chromatography associated with mass spectrometry
and of polycyclic aromatic hydrocarbons (PAH), analysed with gas chromatography
associated with mass spectrometry. A 90% reduction in harmful or potentially harmful
compounds (HPHCs) was observed in the Philip Morris product aerosol compared to
traditional cigarette smoke. This difference was maintained even in extreme conditions
of both climatic and use (Schaller et al., 2016; Jaccard et al., 2017). HPHC refers to a
list of compounds present in smoking implicated in cancer, cardiovascular diseases,
reproductive deficits, respiratory diseases, and addiction drawn up by the FDA since
2012. Compounds include acetaldehyde, acrylamide, benzene, benzopyrene, mercury,

cadmium and nicotine (Health Canada, 2000; FDA., 2012). The observed reduction
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gives rise to the notion that fewer heating equates to fewer compounds and less harm

to customers' health.

A second study evaluated the transfer caused by the distillation, pyrolysis and
pyrosynthesis reactions of the tobacco specific nitrosamines (TSNA) resulting from
the tanning process, comparing cigarette smoke with the IQOS® aerosol. Compared
to a similar rate of nicotine transfer, TSNA transfer was 2-3 times lower in [QOS®.
This discrepancy has been attributed to the heating used in the Philip Morris product
instead of normal combustion, which severely limits the reactions listed above due to
the lower working temperature (Jaccard, et al., 2018). These results were confirmed
by a Japanese study which, compared to similar nicotine levels, found TSNA and CO
values of 20% and 1% respectively compared to traditional cigarettes (Bekki, et al.,

2017).

A further investigation discovered volatile organic chemicals, polycyclic aromatic
hydrocarbons, and carbon monoxide in the [QOS® aerosol, compared to 84% nicotine
in regular cigarette smoke (Auer et al., 2017). It should be noted, however, that recent
research published in May 2019 found that, although being 1-2 times lower in the
IQOS® product, the levels of aldehydes, aromatic, and nitrogenous species are equal,
if not greater, than the vapour of e-cig (Cancelada et al., 2019). On the other hand,
anyway, this system cannot be considered safe for health since volatile chemicals have
been detected in the smoke it generates, which are highly hazardous even in little

concentrations.

2. Previous studies about E-cigs

2.1.Lung
Cell model data reveal an increase in pro-inflammatory cytokine production in human
bronchial epithelial cells (Beas2B) and human lung fibroblasts (HFL-1) following
exposure to e-cig puffs (3.5 seconds at a rate of 33.8 mL/s airflow; 7.5 W with a coil
resistance of 2.1 Q) (Gerloff et al., 2017). Additionally, disruption of the bronchial
epithelial barrier function has been found, which might lead to simpler infections by
microbes. Furthermore, human lung fibroblasts exposed to e-cig vapours exhibit stress
signals and morphological alterations, which are most likely driven by enhanced

reactive oxygen species (ROS) generation and inflammatory response (Lerner et al.,
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2015; Muthumalage et al., 2018). These findings are consistent with the considerable
rise in ROS levels, as well as the decrease in glutathione (GSH) levels and the increase
in the rate of DNA damage seen in human bronchial epithelial cells (HBECs) exposed
to e-cig vapour (Pearce et al., 2020). In this context, e-cig fluids and aerosols triggered
cytotoxicity in human lung fibroblasts (Behar et al., 2018); moreover, and intriguingly,
the A549 cell line exhibits an increase in cell death regardless of nicotine content (Yu
et al.,, 2016; Munakata et al., 2018; Ma et al., 2021). These phenomena are linked to
DNA strand breaks in both short and long-term exposure, a decrease in the GSH/GSSG
ratio, higher levels of antioxidant response elements, and the generation of interleukin

(IL)-8 (Munakata et al., 2018; Ma et al., 2021).

The effect of e-cig vapour on human monocyte-derived dendritic cells was also found
(Chen et al., 2020). E-cig vapour treatment significantly increased IL-6 production by
lipopolysaccharide-matured dendritic cells. Furthermore, e-cig vapour exposure
altered the expression of molecules involved with the RAK/TRAF6/TAB pathway,
which also activates mitogen-activated protein kinase (MAPK) such as p38,
extracellular regulated kinase (ERK1/2), and IL-1 receptor related kinase (Munakata
et al., 2018). Activation of MAPK is strongly related to tobacco smoke (Lee et al.,
2008; Liu et al., 2011; Xu et al., 2015) and is associated with worsening of chronic
airway inflammation and may contribute to cancer aetiology (Mashlia-Planchon,
Garinet and Pasmant, 2016). In fact, c-Jun N-terminal kinase (JNK), p38 and ERK1/2
signaling pathways play a key role in regulating the initiation of the epithelium-
mesenchymal transition (EMT) and redox balance in the respiratory tissues (Liang et
al., 2018).

E-cig aerosols also affect HBECs, disrupting the integrity of the bronchial epithelial
cell barrier after a sub-chronic exposure (1.2% nicotine) (Ghosh et al., 2020). A study
conducted on fetal, neonatal, and adult bovine pulmonary artery smooth muscle cells
showed that exposure to the aromas of e-cig without nicotine can damage immature
lung (Berkelhamer et al., 2019), which is of special relevance for young consumers of
e-cig, attracted by the variety of candy flavours. Schaal and colleagues have also
shown that condensed e-cig can drive tumour promotion by inducing expression of the

embryonic stem cell factor SRY-box 2 (Sox2), which is indispensable for self-renewal
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and maintenance of stem cell properties in non-small cell lung adenocarcinoma

(Schaal et al., 2018).

Subsequent studies have shifted the focus on the technical characteristics and settings
of e-cigs. As a matter of fact, in 2013, it was observed that the vapour produced by e-
cigs using higher-voltage devices caused a decrease in cell survival in H9c2
cardiomyoblast cells (Farsalinos et al., 2013) and the influence of voltage on A549 cell
line cytotoxicity was also observed; in fact, increase of battery output voltage
significantly reduces cell viability (Otreba et al., 2018). Coils also affect the viability
of human lung cancer cells H1299: sub-Ohm vaping showed a decrease in cell viability

of up to 45,8% (Cirillo et al., 2019b).

In vivo investigations also revealed an increased inflammatory response. Indeed, after
e-liquid intra-tracheal administration, there was an increase in inflammatory cell
infiltration, cytokine production, and airway iper-reactivity in a mouse model (El Golli
et al,, 2016). Glynos and colleagues evaluated the effects of e-cig exposure to
traditional cigarette smoking in mice in both acute and sub-chronic exposure. They
assessed respiratory parameters and immunological responses in all groups and
discovered that all e-cig components (including PG and VG) can cause lung
inflammation and alterations in respiratory mechanics (Glynos et al., 2018). Likewise,
Ma et al. discovered acute lung inflammation in mice, as well as a dose-dependent
inflammatory response, an increase in IL-8 levels, and oxidative stress. Furthermore,
they discovered that the inflammatory processes caused by e-cig vapour exposure
include the Nf-kB pathway (Ma et al., 2021), and that the inflammatory response is
likely to be sex-dependent (Wang et al., 2019).

Numerous inflammatory cells play a role in the onset of asthma; in fact, cytokines may
induce the activation and proliferation of inflammatory cells, among other things
(Chung and Barnes, 1999), so their increased production may result in a respiratory
crisis or asthma exacerbation in traditionally cigarette smokers with asthma
(Chaudhuri et al., 2008). What about asthmatic e-cig users? Taha and colleagues asked
the same question and came to the conclusion that the upregulation of inflammatory

cells in lung tissue found in mice with and without asthma is cause for concern, and
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the differences between the groups revealed a slightly higher inflammatory response

in the murine model of asthma (Taha et al., 2020).

Sussan et al. in 2015 studied two groups, one of which was treated with e-cig vapour.
The study revealed that mice exposed to e-cigs had altered antimicrobial lung
defences: they had decreased phagocytosis by alveolar macrophages and, as a result,
weaker defences against infections (Sussan et al., 2015). Other studies show a
disruption of immunity homeostasis against pathogens in mice (Szafran et al., 2020;
Madison et al., 2019); additionally, lung lipid homeostasis changes, resulting in
increased lipid deposition in the lungs independent of nicotine (Madison et al., 2019),
as well as dysregulation lipogenesis/myogenesis processes in the lungs (Madison et
al., 2019; Wang et al., 2019).

Another group discovered that e-cigs have toxicological consequences that can lead to
cancer in a study published in 2017: they found elevated ROS level, an increase of
carcinogen metabolizing enzymes and DNA damage at a chromosomal level in
peripheral blood and at a gene level as point mutations in urines. As a result, it proved
that e-cigs can be harmful to human health (Canistro et al., 2017). Lee and colleagues
studied the damage caused by e-cig nitrosamines in mice and discovered that nicotine
metabolites, even if produced by ENDS, can cause the same effects in the lung, blood,
and heart as CCs, such as DNA damage and reduction of DNA repair function, as well
as XPC and OGG1/2 repair proteins', and increasing the mutational susceptibility and
carcinogenic transformation of lung cells, such as bladder's (Lee et al., 2018). Wang
and colleagues reported the production of oxidative stress in the lungs, which was
associated to protein thiol oxidation and, coupled with e-cig exposure, generated
distresses of protein quality control, inflammatory responses, and redox homeostasis
(Wang et al.,2020). These findings reveal that e-cig vapour can contribute to lung and

bladder malignancies, despite assertions that it is non-carcinogenic.

Thus, in 2019, Cirillo et al examined the e-cig vapour impact in a rat model at different
amperage (1,5 Ohm and 0,25 Ohm) with fixed voltage (3,5 V); and they observed a
variation in the ARE and phase-II enzymes’ activities, possibly due to the observed
ROS increase, as well as a severe damage in the alveolar tissue (Cirillo et al., 2019a),
concerning device personalization affection on the toxicity.
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A clinical investigation conducted in 2017 by Shahab et al. reported an exponential
reduction in hazardous and carcinogenic substances by assessing biological fluids such
as urine and saliva in a survey of smokers who had changed to electronic devices for
more than 6 months (Shahab et al., 2017). This backs up what the "Royal College of
Physicians" and the "Public Health England" claimed after examining the aerosol and

discovering a 95% reduction in the levels of hazardous compounds.

In this regard, some ex-smokers who converted to electronic devices experienced a
normalisation of nitric oxide and carbon monoxide levels; normalisation occurred
approximately 6 months after the complete cessation of the habit and was associated
by users with a significant reduction in respiratory symptoms, commonly reported as
cough and dyspnea: this is of critical importance when we realise that smoking causes
a plethora of respiratory disorders; chronic obstructive pulmonary disease (COPD), a
degenerative and severely disabling illness induced by smoke inhalation that is
expected to become the third leading cause of death by 2030, is one of the most severe.
However, retrospective research was carried out to assess the efficacy of the e-cig in
COPD patients and the study discovered that ex-smokers, as opposed to individuals
who continue to smoke, have a stabilisation of the worsening of pulmonary
physiology. In fact, in 75.7 percent of patients, there has been a steady decline in yearly

respiratory exacerbations and an improvement in overall health (Higham et al., 2018).

Thus far, though, it is impossible to quantify the potential detrimental consequences
of cigarette substitutes, particularly those in the long term, because such devices have
just gained popularity in the last decade. Most significantly, the EVALI outbreak,
which was covered in the previous chapter, has shown the necessity of not
underestimating the dangers that these devices might befall human health. More
research is needed to better understand the delicate risk-benefit balance and the public

health implications of using ENDS.

2.2.Liver
The liver performs various fundamental processes, including the regulation of glucose,
lipid, and protein metabolisms, as well as the detoxification and inactivation of
medicines and poisons (Arias et al., 2001). Despite its relevance, investigations on how
CC smoking impacts its functionality have only lately been conducted (Sun, Liu and
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Ning, 2012; Petrick et al., 2018; Kleiner et al., 2019), mostly because, although some
evidence was discovered earlier (Bataller, 2006; Azzalini et al., 2010), clinicians were
likely blinded by the vast quantity of other risk factors (Pimpin et al., 2018; Marti-
Aguado, Clemente-Sanchez and Bataller, 2022). Consequently, there is little evidence

of e-cig toxicity as well.

Espinoza-Derout and colleagues in 2019 observed that containing-nicotine e-cig use
causes liver damage in mice. In the exposed mice, indeed, there was increased
oxidative stress, increased levels of poly (ADP ribose) polymerase (PARP1), and
decreased levels of Sirtuin 1 (SIRT1). More crucially, the mitochondria were impacted
by the aerosol, as changes in its DNA and vacuolization were found (Espinoza-Derout
et al., 2019). Oxidative stress and mitochondrial vacuolization were also observed in
another study: after observing steatosis in the livers of treated mice, the researchers
proceeded to explore how e-cig exposure affects the lipidomic; indeed, oxidative stress
increased triglyceride levels as well as hepatic lipid accumulation, which was less
pronounced when the e-liquid did not contain nicotine; another observation in the

exposed animals is an increase in hepatocyte apoptosis (Hasan et al., 2019).

Additionally, even a PMI research also found liver injury following e-cig use in rats.
Indeed, they detected lipid oxidation and higher triglyceride levels when nicotine was
included in the liquid, as Hasan and colleagues confirmed (Philips et al., 2017; Hasan
etal., 2019). Furthermore, in addition to liver vacuolization and glycogen content, they
found elevated alanine aminotransferase (ALT) and alkaline phosphatase (ALP), both
of which are unequivocal indicators of hepatic injury and cholestatic diseases. (Senior.,

2012).

More recently at least two cases of e-cig liver injury have been reported. The first case
has been recorded in 2020 when a seventeen-year-old boy presented acute hepatitis
together with fever, mild jaundice and diarrhea, increased serum levels of ALT, AST
and LDH, but with no evident symptoms of lung damage. After ten days in the
Emergency Repart (ER) he was diagnosed with EVALI, caused by his THC vaping,
demonstrating that e-cig usage might damage mainly secondary organs and not only
the lungs (Sommerfeld et al., 2018; Fan et al., 2020). Another case was reported in
2021 and the protagonist was a fifty-five-year-old woman that showed as well
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increased serum levels of ALT and AST, presenting a chronic mild transaminitis
without known cause and later on her usage of e-cig containing cannabidiol (CBD)

(Godbee, Jakate and Eswaran, 2021).

3. Previous studies about HTPs

3.1.Lung
Recent research on human respiratory cells have found a link between IQOS® smoke
exposure and the activation of an inflammatory response, comparable to the effects of
CCs and e-cigs. As a matter of fact, a study released in 2016, which used a 3D model
of nasal epithelial cell culture to assess the toxicological impact of IQOS® smoking
against CC smoking (3R4F), has demonstrated via various degrees of exposure that
the impact of smoking 3R4F is far worse than IQOS®’s one in terms of cytotoxicity,
tissue morphological modifications, pro-inflammatory molecule release, lash
functioning, and transcriptome alterations (Iskandar et al., 2016). Another research
evaluated the inflammatory indicators in the bronchoalveolar lavage fluid, such as
cytokine IL-1 and IL-6, on human bronchial epithelial cells (H292) and it appears that
the smoke generated by IQOS® is less damaging than regular cigarette smoking.
Indeed, these indicators were expressed to a significantly lower amount in cells
exposed to IQOS® compared to those exposed to cigarette smoke (Leigh et al., 2018),
but still present.

Cytotoxicity, the release of CXCL8 chemokines, the release of the protein component
of the extracellular matrix and the mitochondrial respiration have been analysed in a
study conducted on bronchial epithelial cells and smooth muscle cells of the human
upper airways, predicting different intensity exposures to IQOS® smoke, cigarette
smoke (CSE), and e-cig vapour. The results showed that IQOS® induces toxicity and
CXCLS8 release equivalent to more extensive treatments with regular cigarettes,
emphasising the production of inflammation in the lungs. Both cell types enhance the
release of extracellular matrix proteins such as type 1 collagen and fibronectin in a
dose-dependent way after the exposure. Lastly, an increase in the rate of extracellular
acidification (glycolysis index) and proton depletion (mitochondrial decoupling index)

was observed with equivalent values across all treatment types. Consequently, it has
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been observed that exposure to IQOS® smoke causes oxidative stress, inflammation,
infection, remodelling, and modifications related to the epithelium-mesenchymal
transition in users' airways, with implications in pathologies such as asthma and
chronic obstructive pulmonary disease (COPD) (Sohal et al., 2019). Hence, these
findings imply that IQOS®, like traditional and e-cig, leads to the disruption of proper
mitochondrial activity, resulting in oxidative stress and inflammation in the airways.
Furthermore, exposure to [QOS® smoking has been shown to modify and remodel the
tissues of the upper airways as well as the lungs, raising the risk of cancer (Guerra et

al., 2017).

In order to verify whether the established in vitro effects are observable in vivo, many
research organisations analyse IQOS® smoke exposure in live systems, beginning
with an investigation of the primarily exposed tissues, particularly those of the
respiratory system. In one of the first in vivo experiments, researchers examined the
effects of regular cigarette smoke and IQOS® on mice with apolipoprotein E (Apoe -
/-) deficiency. The study was carried out in conjunction with PMI. The findings
allowed researchers to better understand the role of IQOS® in the start of
cardiovascular disease and COPD by analysing the transcriptome, proteome, and
lipidome in several tissues. When compared to the group exposed to regular cigarette
smoke, the animals exposed to IQOS® showed lower levels of lung inflammation and
smaller plaque diameters at the aortic level (Phillips et al., 2016). A second
experiment, conducted along the same approach, looked at the effect of promoter and
enhancer sequences on DNA methylation in the liver and lungs. In the face of
drastically changed methylation patterns caused by CC smoking, it has been
demonstrated that IQOS® has an exceedingly limited effect in the lung region. As was
the case in the prior trial, quitting therapy or switching to the PMI device lessened the

effects (Choukrallah et al., 2019).

PMI, the manufacturer itself, conducted a 90-day research on Sprague Dawley rats of
both sexes to confirm the effects of their product. The study found that when treated
rats were compared to controls, they gained less weight and had more inflammatory
cells in their bronchoalveolar lavage. Furthermore, females in particular had thymic

atrophy, most likely as a result of diminished memory T cells and immune function
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sensitivity (Moazed et al., 2018). This finding was corroborated by Bhat and
colleagues in 2020, who investigated the effects on the Iungs of short-term inhalation
of aerosols generated by IQOS® and regular cigarettes. Exposure to both devices
increased albumin levels in the bronchoalveolar fluid as well as CD4+ leukocytes and

proinflammatory cytokines in the respiratory system (Bhat et al., 2020).

Toxins in cigarette smoke typically cause basal cell hyperplasia, squamous metaplasia
of the respiratory epithelium, olfactory epithelial atrophy, and inflammatory
submucosal infiltration. These symptoms are significantly less evident in rats exposed
to iIQOS® fumes. Furthermore, the same study discovered that mice exposed to
cigarette smoke had increased lung capacity and strong indications of emphysema
compared to those exposed to the IQOS® group. This backs up the manufacturer's
claims about the lower health risks associated with using the gadget (Schlage et al.,

2020).

PMI has funded many studies to investigate for substantial changes in biomarkers of
tobacco smoke exposure in smokers who have elected to use IQOS®. Four weeks of
screening, five days of confinement, a 90-day follow-up period, and periodic in-office
inspections were all part of these research. The results indicated that after only 5 days,
people who utilised [QOS® had a 34 to 94 percent drop in biomarkers from exposure
to various HPHCs (Haziza et al., 2016).

In 2016, a clinical trial divided participants into three groups: those who switched from
regular cigarettes to [QOS®, those who continued to use traditional non-mentholated
cigarettes, and those who abstained from smoking for five days. The reaction was
tracked using a genetic profile of 11 genes present in blood that distinguishes smokers,
former smokers, and non-smokers. The goal was to see if there were any differences
in the levels of the 11 genes between the three treatment groups after only 5 days,
concluding that the expression pattern of these sequences is reduced in the IQOS®
group and in the abstinence group when compared to subjects exposed to standard
cigarette smoke (Martin et al., 2016). Another clinical research conducted the same
year, divided patients into three groups: regular mentholated cigarette users, [QOS®
transition users, and abstinence users, over a three-month period consisting of 5 days
in isolation and 85 days in the community. The [QOS® smoke has been shown to be
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10 times less active than cigarette smoke in critical pathways involved in the
production of atherosclerotic plaque and endothelial cellular dysfunction. Markers
associated in cardiovascular diseases such as lipid metabolism, inflammation,
endothelial dysfunction, oxidative stress, and coagulation revealed comparable

alterations in the transition and withdrawal groups (Baker and Picavet., 2016).

Clinical research examining the pharmacokinetics of nicotine in [QOS® and CC
smokers have revealed a significant overlap in terms of the connection between the
number of cigarettes and the maximum concentration and Area Under the
Concentration-time Curve (AUC) of nicotine. It is worth noting that, based on these
findings, the impacts on addiction were investigated, and, as predicted, the

consequences were comparable (Brossard et al., 2017).

A clinical investigation was recently done on 30 smoking participants to examine and
compare short-term effects. The study lasted three days: on the first day, participants
were exposed to traditional cigarette smoke for 70-80 minutes, on the second day, to
e-cigs, and on the third day, to IQOS®. Exhaled CO readings were collected at
predefined intervals between each exposure. It's worth noting that there were no
significant differences in CO concentrations after using e-cig vs tobacco smoke. When
compared to regular cigarette smoke, the differences recorded by the IQOS® were
minor. In addition, the HTP has been demonstrated to be useful in alleviating

withdrawal symptoms (Adriaens et al., 2018).

3.2.Liver
There is a lack of data for investigations of liver damage from IQOS. Wong and
colleagues are the only one to describe it, showing that rats exposed to the device's
aerosol had greater levels of ALT and cell vacuolization indices than animals exposed
to tobacco smoke (Wong et al., 2016). These observations appear to suggest that I[QOS
may cause unanticipated organ damage not generally linked with tobacco cigarette

usage (Chun et al., 2018), however this component has received little attention to yet.

Nothing else has been reported in literature, hence why we chose to conduct tests on
it to see how the exposure of this device would influence hepatic functioning and

tissue, which is critical for the detoxification of the human body (Arias et al., 2001).
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Materials and methods

1. In vivo treatment

1.1. IQOS chemical analysis, preliminary conditions and chamber assessment
Chemical analysis of IQOS mainstream emission was conducted using a modified,
purpose-built smoke machine that enables for analysis under standard conditions: 2 s
puff with 35 mL volume and 30 s delay between two consecutive puffs. The system
used to perform the chemical analysis on IQOS mainstream was self-assembled,
including the negative pressure pneumatic system. A manually operated, three-way
valve controlled the different strokes of the cycle (Fig. 3). The aspiration speed
reproducibility was maintained (£2%) by fine regulation of the pressure obtained by
means of labyrinths at variable pressure drop. To limit analyte loss, the components
linking the smoke at the exit from IQOS to the uptake devices were designed to be as
short as feasible. Except for the three-way valve, which was designed and produced in
Girotti’s laboratory, all components of this device were commercially available. Table

1 displays the substances studied in this study as well as the methodologies employed.

Table 1. Substances and methodologies employed in the study.

Powders — inhalable fraction M.U. 1998:13

Nitrogen oxides (e.g. NO2) NIOSH 6014 1994

Nicotine NIOSH 2551 1998

Aldehydes EPA 8315A 1996

Phenols and Cresols NIOSH 2546 1994

Volatile Organic Compounds UNI EN ISO 16017-1:2002

(VOCs)

BTEX UNI EN ISO 16017-1:2002

Metals UNI EN 14902:2005/EC1:2008 + UNI

EN ISO 17294-2:2016
Polycyclic Aromatic Hydrocarbons DM 05/05/2015 GU n°128 05/06/2016
(PAH)

We selected the exposure settings in terms of puff profile and total number of HEETS
inhaled to achieve a little drop in oxygen level (less than 5%) and a slightly higher

relative CO2 concentration, as previously described (Canistro et al., 2017), in order to
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guarantee suitable O2/CO; and O2/N; ratios. Air was sampled with a Hamilton airtight
syringe (30 mL), immediately transferred into a 5 mL capped vial, and injected onto a
GC/MS (QP-2010 Plus, Shimadzu, Japan) system equipped with an RTX-WAX
column (30 m, 0.25 mm i.d., 0.25 m film thickness, Restek, USA), which was
interfaced with a computerised data acquisition system (Software GC-MS Solution V.

2.5, Shimadzu, Japan).

Fig. 3. The IQOS mainstream generator.

1.2. Animal exposure.
The experiment was carried out in accordance with the EU Directive 2010/63/EU. The
protocol received the endorsement by the University of Bologna Committee on the
Ethics of Animal Experiments and by the Italian Ministry of Health (Permit number:
2683015). 24 male Sprague Dawley rats (ENVIGO RMS S.r.1., San Pietro al Natisone,
Udine, Italy), 7 weeks old, were housed under standard conditions (12 h light-dark
cycle, 22° C, 60% humidity). After 2 weeks of acclimatisation, animals were randomly
assigned to control (n=14 rats) or exposed (n=10 rats) group. The exposure settings

were comparable to those described in previous studies (Vivarelli et al., 2021).

The IQOS group was subjected to total body exposure. The inhalation chamber

consisted of a propylene box (38 x26.5 x 19 cm) with a capacity of 19 L. The pump
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(0.18 kW; 1.4/1.6 A; 230 V; 50/60 Hz) was installed on one side of the box, while the
IQOS aerosol was puffed on the other, generating the airflow into the chamber. The
chamber containing 2 animals at a time was not hermetically sealed and the 3 holes (2
IQOS and pump connection points) were never occluded during the experimental
section. The puff profile (5 s on, 15 s off, 5 s on) with an air flow of 4L/min was set
on the basis of previous studies (Havel et al., 2017; Nabavizadeh et al., 2018). The
exposure session ended when the IQOS stick was over and the device turned
automatically off. Animals were then held up for 20 min. Animals were exposed for 5
consecutive days/week. The experiment was prolonged for 4 weeks. The Animal
Welfare Committee monitored the animal throughout the entire experiment. The
concentration of nicotine recorded in IQOS aerosol mainstream was significantly
lower than the LCso for vaporised nicotine in the rat model (2.3 mg/L) (Shao et al.,

2013).

1.3. Tissue collection, urine and sub-cellular fractions isolation
Animals were sacrificed following the Italian Ministerial guidelines for the species.
Animals were previously anesthetised with Zoletil 100 (100 mg/kg body weight). The
organs were rapidly excised, washed with PBS pH 7.4 to remove the blood, then snap
frozen in liquid nitrogen and stored at -80°C. The tissue homogenate and S9, cytosol
and microsomal fractions were obtained as previously described (Bonamassa et al.,
2016). All the fractions were frozen in dry ice and then stored at -80°C. 12 h urine was

collected through metabolic cages.

Liver mitochondria were isolated from rats according to Barogi et al (Barogi et al.,
1995). Briefly, the tissue was homogenised with a Potter-Elvehjem-grinding chamber,
pestled in buffer solution (0.22 M mannitol, 0.07 M sucrose, 0.1 mM EGTA, 1 mM
EDTA and 20 mM HEPES, pH 7.4, containing 0.4% albumin) and then centrifuged at
2,000 rpm for 10 min. in a rotor SS34 Sorvall to remove nuclei and plasma membrane
fragments. The supernatants were filtered through a gauge and the eluted fractions
were then centrifuged at 8,000 rpm for 10 min. The pellets obtained were washed once
in the above buffer devoid of albumin. Finally, mitochondria were resuspended in the
buffer containing 0.25 M sucrose, 20 mM HEPES, 0.1 mM EGTA, and 1 mM EDTA,
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pH 7.4, and promptly assayed. Mitochondrial protein determination was performed by

the biuret method (Gornall et al., 1949), as previously reported (Solaini et al., 1997).

1.4. Scanning (SEM) and transmission (TEM) electron microscopy
Trachea and lung fragments were fixed with 2.5% glutaraldehyde in 0.1 M sodium
phosphate buffer for 1 h, post-fixed with 1% osmium tetroxide in the same buffer for
1 h and dehydrated in a series of progressive alcohol concentrations (Burattini et al.,
2016. For SEM studies, samples were successively processed via critical point drying
with liquid CO2, attached to the specific stub and then gold sputter-coated (Cirillo et
al., 2019a). For TEM analysis after fixation and dehydration, they were infiltrated and
embedded in Araldite. When polymerized, the samples were ultrathin sectioned,

contrasted with heavy metals stains and observed by TEM (Salucci et al., 2018).

1.5. Leukocyte profile
Analyses were performed by the Central Laboratory of Clinical Pathology of the
Department of Veterinary Medical Science (University of Bologna), according to

standard methods certified by the Italian National Health Service.

1.6. Pro-inflammatory cytokines
Interleukins were assessed using the Multi-Analyte Elisa array microplate kit for rat

inflammatory cytokines by Qiagen, in accordance with the manufacturer instructions.

1.7. Tissue cytokines and gene expression
Isolation of total RNA from lung tissue was performed by Purelink RNA mini kit
(Thermo Fisher Scientific, Waltham, MA, USA).
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1.8. Lipid peroxides from tissue homogenate and red blood cell membranes
The FOX method, used for the estimation of lipid hydroperoxides in the lung tissue
homogenate. The results are expressed as moles of H202/ mg of protein (n = 8
measurements per group) (Marchesi and Palade, 1967; Jiang, Woollard and Wolff,
1991). To isolate red cell membranes, whole blood samples were centrifuged at 3,500
rpm for 15 min at 4°C. The pellet was washed with NaCl 0.9% and suspended in PBS
10% (v/v). Samples were centrifuged again at 13,500 rpm for 20 min at 8°C and pellets
resuspended in phosphate buffer 5 mM+EDTA 2.2 mM phosphate buffer pH 8 (1:20,
v/v) and incubated at 4°C for 30 min. Samples were centrifuged at the same conditions
and the pellet was resuspended in 2.5 mM phosphate buffer. This procedure was
repeated twice, and the pellet was resuspended in 1.25 mM phosphate buffer and then
in 2.2 mM PBS+EDTA (1:5, v/v). The milky white fraction obtained was stored at -

80°C prior to use. (n=7 measurements per group).

1.9. 8-hydro-2-deoxyguanosine (8-OHdG) assay
The test was performed on lung and liver specimens following the manufacturer’s
instructions (DNA/RNA oxidative damage ELISA Kit by Cayman Chemicals, (Ann
Harbor, MI, USA). The DNA was extracted from the tissue through QIAmp DNA
investigator kit following the datasheet recommendations (QIAmp DNA investigator
KIT by QIAGEN (Venlo, Netherlands), and the nucleosides were obtained using the
DNA Degradase Pus by Zymo Research Irvine, CA, USA) (n = 8 measurements per

group).

1.10. Mutagenicity test
To detect indirect and direct mutagenic substances, rat urine extracts were dissolved
in DMSO (25 mL eq urine/mL) and subjected to the Ames test in triplicate at
increasing concentrations (0.025-2.500 mLeq urine/plate) using Salmonella
typhimurium TA100 strain, with and without microsomal activation (S9 mix) (Maron
and Ames, 1983; Yamasaki and Ames, 1977). Positive controls included 2-

aminoanthracene (1 g/plate) with S9 fraction and sodium azide (1.5 g/plate) without
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S9 fraction. As a negative control, DMSO has been used. The Ames test data are

presented as the mean and standard deviation of revertants/plate.

1.11. Alkaline Comet assay
The Alkaline Comet test was carried out on rat whole blood (Canistro et al., 2017).
For 20 minutes, alkaline DNA was unwound in a gel electrophoresis chamber
containing a freshly produced buffer (1 mM Na2EDTA, 300 mM NaOH, pH 13), and
electrophoresis was done in the same buffer at 0.78V/cm and 300 mA. After staining
with 100 L ethidium bromide (10 g/mL), observations were done using an image
analysis system (Comet Assay I[V-Perceptive Instruments Ltd, Stone, Staffordshire,
UK) and a fluorescence microscope (Leica DMLS, Weltzlar, Germany) equipped with
an excitation filter BP 515-560 nm and a barrier filter LP 580 nm. The tail intensity
percentage (TI percent) gave useful information on the genotoxic effects. Each

specimen had 100 cells examined.

1.12. Protein concentration
The protein concentration of the collected fractions was determined by the method
described by Lowry et al (Lowry et al., 1951). The method is based on the reaction of
the Folin reagent with tyrosine and tryptophan present in the proteins to form a
coloured complex that can be read spectrophotometrically at A=750 nm. Bovine

albumin 0.1 mg/mL was used as standard.

1.13. Investigations of Radical Species

1.13.1. Analysis of radical species in lung tissue by electronic
paramagnetic resonance (EPR) coupled to radical probe technique
The method was previously employed and developed in our laboratory, as an accurate
measure of total reactive radical species in lung tissue (Canistro et al., 2017; Vivarelli
et al., 2019). Small portions of tissue weighing 200 mg were treated with 0.5 mL of
standard physiological solution containing the non-commercial and syntetized by as

hydroxylamine “spin probe” (bis(1-hydroxy-2,2,6,6-tetramethyl-4-piperidinyl)
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decandioate dihydrochloride) (1 mM), capable of efficiently trapping most of the
oxygen-, carbon- and nitrogen-centred radicals, including superoxide and
peroxynitrite (Valgimigli et al., 2001), and deferoxamine (1 mM) as metal chelating
agent. The tubes were incubated at 37 °C for 5 min and then samples from the solution
are loaded in a capillary glass tube and introduced in the cavity of a Bruker ESP 300
EPR spectrometer (Bruker Biospin S.r.l., Rheinstetten, Germany). The nitroxide
spectra were recorded using the following parameters: modulation amplitude = 1.0 G;
conversion time=163.84 ms; time constant=163.84 ms; modulation frequency
100 kHz; microwave power = 6.4 mW. W. The intensity of the first spectral line of the
nitroxide (aN=16.90G and g=2.0056) was used to obtain the relative amount of
nitroxide in each examined sample. The spectrometer calibration response was
attained by using a known solution of TEMPO-coline in water and an ER 4119HS

Bruker Marker Accessory as internal standard.

1.13.2.2°,7’-dichlorofluorescein diacetate (DCFH) assay
The Reactive Oxygen Species (ROS) were evaluated in lung and liver throughout the
2’,7’-dichlorofluorescein diacetate (DCFH) assay, as described by Rodrigues Siqueira
et al (Rodrigues Siqueira et al., 2005). A solution of dichlorofluorescein was prepared
at different concentrations (120 nM, 60 nM, 30 nM, 15 nM, 7.5 nM, 3.75 nM, 1.873
nM, 0.9375 nM and 0.46975 nM) and was used for the calibration curve. The samples
were read at the spectrofluorometer, as well as the standards and the blanks, with
EX=485 nm, EM=530 nm and slit=5/5. The assay was used for all the collected

fractions.

1.14. Ferric Reducing Antioxidant Power (FRAP) assay
This assay was performed on lung and liver cytosolic fraction in accordance with
Benzie and Strain (Benzie and Strain, 1996). For the calibration curve, scalar
concentrations of ferrous sulphate solution (0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, 0.5
mM, 0.6 mM, 0.7 mM, 0.8 mM and 1 mM) were used. The samples were read at the

spectrophotometer at A&=593 nm.
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1.15. Thiobarbituric acid reactive substance (TBARs) assay
The malondialdehyde (MDA) concentration was determined in accordance with
Seljeskog et al (Seljeskog et al., 2006), in homogenate, S9, cytosol and microsomal

fraction of lung and liver, by using A=532 nm.

1.16. Carbonylated proteins assay
The lung and liver carbonylated proteins concentrations were performed as described
by Levine et al (Levine et al., 1994), for all the collected fractions. Briefly, the samples
were mixed with 2,4-dinitrophenylhydrazine solution 10 nM, then with trichloroacetic
acid solution 20% (TCA) and centrifuged at 4,000 rpm for 10 min at 4°C. The pellet
was resuspended, and again centrifugated at the same conditions. The supernatant

obtained was read at £=390 nm.

1.17. Antioxidant assays
Total Glutathione (GSH) assay. In accordance with Ellman (Ellman, 1959) and
modified by Sedlak and Lindsay (Sedlak and Lindsay, 1968), the total amount of GSH
was evaluated as followed: TCA 10% was added to the cytosolic fraction and
centrifuged at 4000 rpm for 15 min at 4°C. The supernatant was then treated with the
Ellman reagent. The readings were performed at £=412 nm. For the calibration curve,
the following concentrations of GSH were used, each treated as previously described:

1.6 mM, 1 mM, 0.75 mM, 0.5 mM, 0.2 mM, 0.02 mM, 2 uM, 0.2 uM, 0.1 uM.

GSH peroxidase (GSH Px) assay. GSH Px activity was determined as previously
described in Melega et al (Melega et al., 2013). The blank for the calibration curve and
the samples were treated with tert-butyl-hydroperoxide (TBH) and the reaction was
followed from to to t; (1 min) at £&=339 nm. The molar extinction coefficient was € =

6,22 mM' em™.
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Glutathione disulphide reductase (GSSG Red) assay. GSSG red activity was
performed on the cytosolic fraction as described by Pavan et al (Pavan et al., 2018).

The reaction was followed at =339 nm for 2 min.

DT-DIAPHORASE assay. This assay was performed as described by Ernster (Ernster,
1967). Briefly, phosphate buffer 33 mM pH=7.4, 2,6-dichlorophenolindophenol
(DCPIP) and the cytosolic fraction were mixed, and the reaction was activated by the
cofactor NADPH and followed at the spectrophotometer at A=600 nm from to to t1(2
min). The activity was calculate considering the DCPIP’s molar extinction coefficient

which was € = 22,1 mM™!' ecm™.

Cyclooxygenase (COX) assay. In accordance with Kumar et al (Kumar et al., 2011),
the activity of COX enzyme was evaluated as follows: the microsomal fraction was
mixed with Tris-HCl 100 mM EDTA 3 puM solution pH=8.0 and N,N,N’,N’-
tetramethyl-p-phenylenediamine solution 133 pM. The reaction was activated through

the addiction of arachidonic acid and followed at £=603 nm from to to t; (1 min).

Catalase assay. Catalase activity was determined as previously described by
Bonamassa et al (Bonamassa et al., 2016). Briefly, the reaction was followed at the
spectrophotometer at £=240 nm for 2 min. The activity was calculate considering the
catalase’s molar extinction coefficient which is € = 46,6 mM™! cm™. Only the cytosolic

fraction was used as sample.

Superoxide dismutase (SOD) assay. This assay was performed as described by Misra
and Fridovich (Misra and Fridovich, 1972). The cytosolic fraction was treated with
epinephrine to allow the reaction to start, which was followed for 10 min at the
spectrophotometer at £&=320 nm. For the calibration curve the epinephrine autoxidation

was evaluated with warmed buffer.

Xanthine Oxidase (XO) assay. The XO enzyme in the cytosol fraction was determined
spectrophotometrically by detecting the production of uric acid at 290 nm, according
to Shintani (Shintani., 2013). After the addition of NAD+ to the reaction mixture, a

time-dependent rise in absorbance at 290 nm was measured.
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1.18. Phase I enzymes
Cytochrome P450 (CYP)-linked monooxygenases were quantified as previously

reported (Bonamassa et al., 2016). Briefly, p-nitrophenol hydroxylase (p-NPH,
CYP2El) was quantified by measuring 4-nitrocatechol formation at A=546 nm (&
=10.28 mM' cm’'). Pentoxyresorufin O-dealkylase (PROD, CYP2B1/2),
ethoxyresorufin O-deethylase (EROD, CYP 1Al) and methoxyresorufin O-
demethylase (MROD, CYP1A2) were measured through the quantity of resorufin
formation followed spectrofluorimetrically, using pentoxyresorufin, ethoxyresorufin
and methoxyresorufin as substrates respectively (n=8 measurements per group).
According to Aitio (Aitio, 1978), ethoxycoumarin O-deethylase (ECOD, CYP1AI,
1A2 and 2B) was determined fluorimetrically through umbelliferone production with
EX=390 nm, EM=440 nm and slit=5/5. The measure of aminopyrine N-demethylase
(APND, CYP3A1/2) was obtained quantifying CH20 release reading at 412 nm
(Mazel, 1971; Nash, 1953).

1.19. Phase-II enzymes
As reported in Analytical biochemistry (Mackenzie and Hénninen, 1980), the UDP-
glucuronosyl transferase (UDPGT) activity was evaluated in the microsomal fraction

with EX=293 nm, EM=335 nm and slit=5/5.

Glutathione S-transferase (GST) activity was evaluated as described by Canistro et al
(Canistro et al., 2016) in the cytosolic fraction and the reaction was followed for two

minutes at £=340 nm. The molar extinction coefficient is equal to 9,6 mM™! cm™.

1.20. Immunoblotting
For this analysis, a fraction of the lung and of the liver was selected and was treated as
described in the protocol provided by Thermo Fisher, with Halt phosphatase and
protease inhibitors 100 x (Thermo Fisher, Waltham, MA, USA). The total amount of
proteins per groups was quantified using the Pierce BCA Protein Assay Kit following
the guidelines. The proteins were denatured by incubating the mix at 75°C for 15 min,

followed by ice-shocking and loading into the wells for the electrophoresis run. Each
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group had 50 pg of proteins in a volume of 40 uL per well loaded (CTR=4 wells,
IQOS=5 wells); in the first well, 6 pL of SeaBlue Plus pre-stained protein standard
were placed. Electrophoresis was run at 80 V for 120 min, in running buffer 1x. At the
end, the gel was inserted in the transfer box; the procedure was conducted in distilled
water and transfer buffer 1x, for 120 min at 10 V. Afterwards, the nitrocellulose
membrane was withdrawn, washed, blocked with milk 5% for 3 h and ready to be
treated. After the blocking, the membrane was incubated with the primary antibody
overnight; the day after, the antibody was retrieved, and the membrane was washed
with TBStween 1x two times for 10 min and two times for 5 min; then it was incubated
for 3 h with the secondary antibody and washed as before. Afterwards, the membrane
was incubated with ECL (Clarity Western ECL substrate Bio- Rad) for 10 min and
then read at the ChemiDoc. If the antibody previously used was the phospho one, then
the membrane was blocked with milk 5% for 1.5 h and treated with the total antibody
as previously described; if not, the membrane was stripped with the stripping buffer
(SDS 10%, TRIS-HC1 0.5 M pH=6.8, distilled H>O and 2-mercaptoethanol) for 30 min
at 37°C, washed with distilled water and TBStween 1x and then treated as before with

the next antibody.

NrF2 with antibody anti-NrF2 rat (Nrf2 Polyclonal Antibody, Thermo Fischer, Item
no. PA5-68817; 1:500), p38 and p-p38 with antibodies anti-p38 (rabbit polyclonal
antibody to p38 MAPK; 1:900) and anti-p-p38 (rabbit polyclonal antibody to phospho-
p38 MAPK; 1:1000), were investigated and a-tubuline used as normalizing factor,
with the antibody anti-tubuline goat (eBioscience™ Anti- o Tubulin, invitrogen, Item
no. 4348184; 1:2000). As secondary antibodies an anti-mouse IgG (Gt anti-Ms IgG
Secondary Antibody, Invitrogen, Item no. TG267017) for the tubuline and an anti-
rabbit IgG (Gt anti-Rb IgG Secondary Antibody, Invitrogen, Item no. TG266717) for
the others were used, both at 1:1000. All the proteins investigated were tested in two

different membranes.

1.21. Respiration rate measurements
Liver oxygen consumption rates were measured at 37°C using a Clark-type oxygen
electrode as previously reported (Barbato et al., 2015). Mitochondria were diluted to
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an optimal concentration with the buffer containing 0.25 M sucrose, 20mM Tris/Cl, 4
mM MgSO4, 0.5 mM EDTA, 10 mM KH>POs4, pH 7.4. The maximal oxygen
consumption rate, assayed under uncoupling conditions, was measured by adding to
mitochondria (0.1 mg) 20 mM succinate (Aleardi et al. 2005; Sgarbi et al., 2018) (plus
1 mM rotenone) as substrate, and 100 nM carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP) as uncoupler (Bosetti et al., 2004). The
initial rate of respiration was calculated by evaluating the oxygen concentration
decline during the first two min of reaction. Protein concentration was measured by
the Lowry method (Lowry, 1951) using bovine serum albumin as standard. The

oxygen consumption rate was expressed as nmol/(minxmg of protein).

1.22. Citrate synthase and protein assay in rat liver
Citrate synthase (CS) activity of rat liver was detected by incubating 10-50 pg
mitochondrial protein in 1 mL of 0.125 M Tris—HCI, 0.2% Triton X-100, 0.1 mM
acetyl-coenzyme A, 0.1 mM 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB), and 0.5
mM oxaloacetate. The activity was assessed by monitoring at 412 nm the release of 2-
nitro-5-thiobenzoate (¢=13.6 mM ! cm™!) (Baracca et al. 2007) and the activity was

expressed as nmol min"'mg™! of protein.

1.23. Lipid extraction of rat liver
Lipids were extracted according to a modified version of the Folch method (Boselli et

al., 2001). In brief, the lipid fraction of 4 g of liver added with 0.927 mg of 5a-
cholestane (internal standard for the quantification of main lipid classes; Sigma
Chemical, St. Louis, USA), was extracted using a chloroform: methanol solution (1:1,
v/v) followed by the addition of another aliquot of chloroform. After mixing with 1 M
KCl, the organic phase was separated and taken to dryness; the fat content was
determined gravimetrically. Eight independent replicates for each animal group were

carried out.
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1.24. Lipid profile of rat liver
The profile of the main lipid classes was determined according to the method reported
by Gallina Toschi et al. (Gallina Toschi et al., 2014) and Luise et al. (Luise et al.,
2018). Starting from the extract obtained with the modified Folch method, an aliquot
of the solution equal to 20 mg of fat was taken, added with 1 mL of n-hexane and
injected in a gas chromatography coupled to a flame ionisation detector (GC-FID).
The GC-FID instrument was a Shimadzu QP-2010 (Kyoto, Japan) interfaced with a
computerised system for data acquisition (GC solution ver. 2.5, Shimadzu, Japan). A
SE-52 fused silica column (10 m x 0.32 mm x 0.1 pm film thickness) (Mega, Milano,
Italy) coated with 5% phenyl and 95% methyl-polysiloxane was used. Oven
temperature was programmed from 100°C to 355°C at a rate of 5°C/min kept for 20
min. The injector and detector temperatures were both set at 355°C. Helium was used
as carrier gas at a flow of 2.02 mL/min and a pressure of 32.2 kPa. The split ratio was
1:25. The different lipid classes were identified using diverse commercial standards
(Sigma-Aldrich Chemical Company, St. Louis, MO, USA). The amount of each lipid
class was quantified using the internal standard method with the response factor of
each main lipid class (estimated using suitable commercial standards), as reported by

Luise et al (Luise et al., 2018). Eight replicates were analysed for each animal group.

1.25. Determination of total fatty acid composition in liver lipid matter
About 20 mg of liver lipid matter were treated with 200 puL of diazomethane in order
to esterify free fatty acids (FFA) (Fieser and Fieser, 1967). Tridecanoic methyl ester
(40 pL of a solution 3.1822 mg mL™! of C13:0; internal standard) was then added and
the mixture was transesterified with 40 pL of 2 N KOH in methanol (European
Commission, 2002), vortexed for 1 min, left standing for 5 min, and centrifuged at
1500g for 3 min. Supernatant was placed in a vial and then analysed by GC-FID
(Cardenia et al., 2013). The GC-FID instrument was a GC8000 series (Fisons
Instruments, Milan, Italy) interfaced with a computerised system for data acquisition
(Chromcard Data System, ver. 2.3.1, Fisons Instruments). An RTX 2330 fused-silica
column (30 m x 0.25 mm X 0.2 pm film thickness) (Restek, USA) coated with 90%
biscyanopropyl and 10% cyanopropyl-phenyl polysiloxane, was used. Oven
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temperature was programmed from 100°C to 240°C at a rate of 5°C min™! and the final
temperature was kept for 20 min. The injector and detector temperatures were both set
at 250°C. Helium was used as carrier gas at a constant pressure of 260 kPa. The split
ratio was 1:30. Each fatty acid (FA) was identified by comparing its retention time
with that of a commercial FA methyl ester standard solution (NU-CHEK 463 Mix,
NU-CHEK PREP Inc., USA). The GC response factor of each FA was calculated by
using the NU-CHEK 463 standard mixture and the internal standard (C13:0). The
quantification of FAME was carried out according to the internal standard method.

Eight independent replicates for each animal group were analysed.

The A-desaturase index was calculated as follows: [(C20:2n-6 + C20:4n-6 + C20:5n-
3 +C22:5n-3 + C22:6n-3)/ (C18:2n-6 + C18:3n-3+ C20:2n-6 + C20:4n-6 + C20:5n-3
+ C22:5n-3 + C22:6n-3) X 100].

Based on the total FA composition, the atherogenic index (Al) and thrombogenic index
(TT) were also determined (Ulbricht and Southgate, 1991) according to the following

equations:
Al=(C12:0 + 4 x C14:0 + C16:0)/(EMUFA + ZPUFA n-6 + ZPUFA n-3);

TI= (C14:0 + C16:0 + C18:0)/[(0.5 x SMUFA) + (0.5 x TPUFA n-6) + (3 x SPUFA
n-3) + (SPUFA n-3/SPUFA n-6)].

1.26. Determination of cholesterol and cholesterol oxysterol products
(COPs)
Cholesterol and COPs were extracted and purified as described previously (Cardenia,
et al., 2015). Briefly, the lipid extract containing internal standards (41.64 pug of
betulinol (Sigma Chemical, St. Louis, USA) and 5.35 pg of 19-hydroxycholesterol
(Steraloids, Newport, Rhode Island, USA) for cholesterol and COPs, respectively)
were subjected to cold saponification. One-tenth of the unsaponifiable matter was used
to determine the sterol composition, while the remaining 9/10 were purified by SPE-
NH> for COPs quantification. Both cholesterol and COPs fractions were silylated at
40°C for 20 min, taken to dryness under a nitrogen stream, re-dissolved in n-hexane

and injected in Fast GC/MS (Cardenia et al., 2012). Mass spectra were acquired in full
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scan mode (total ion current (TIC)), while they were integrated with single ion
monitoring (SIM) mode using the characteristic ions with a high abundance. The
identification of cholesterol and COPs were carried out by comparing their mass
spectra and retention times with those of the corresponding chemical standards (Sigma
Chemical, Steraloids (Newport, Rhode Island, USA), and Avanti Polar Lipids
(Alabaster, Alabama, USA)). Their quantification was carried out by means of
calibration curves built for each compound. Cholesterol and COPs were expressed as
mg g and pug g of liver, respectively. Eight independent replicates for each group

were carried out.

The rate of total cholesterol oxidation (%OR) was also determined according to the
following formula: %OR = (Total COPs/Total cholesterol) x 100 (Cardenia et al.,
2015).

1.27. Statistical analysis
Unless otherwise specified, data are presented as mean + SD. Datasets from enzymatic
assay, oxidative stress markers (such TBARs assay, lipid peroxides, protein carbonyl
groups) and immunoblotting were tested for normality by the D’ Agostino and Pearson
or Kolmogorov-Smirnov test and analysed using the two-tailed unpaired t-test or

Mann-Whitney test in case of non-normality distribution.

The results for mitochondrial uncoupled respiration were statistically analysed by
comparing the treated animals vs. the control group by means of a paired Student's t-

test. Statistical significance was set at p<0.05.

All results for the lipidic profile are reported as mean + SD of eight animals (n=8) for
each group. T-student test was carried out at a 95% confidence level (p<0.05) and at a

99% confidence level (p<0.01), to separate means that were statistically different.

Selected data were subjected to Principal Component Analysis (PCA), to evaluate the
impact of IQOS aerosol exposure on rat liver. Statistical analysis of the data was

carried out by using XLSTAT (Addinsoft, New York, USA), 2018 version.
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2. Invitro experiments
2.1. Peripheral blood mononuclear cells (PBMCs) isolation

Peripheral blood mononuclear cells (PBMCs) were isolated as described by Chen and
colleagues from blood donated by a healthy volunteer (Chen et al., 2020). Ethical
approval was obtained from the Medical School Ethics committee (FMHS REC ref
121-1706) and the individual consented to the study prior to blood donation. Blood
was drawn by venipuncture and collected into heparin tubes. Briefly, PBMCs were
separated by density gradient centrifugation using Histopaque-1077 (Sigma-Aldrich,
Gillingham, UK) at 800 g for twenty-two minutes. The cells were taken from the
surface of the Histopaque into RPMI complete medium, that is RPMI-1640 medium
supplemented with 100 pg/ ml Penicillin—Streptomycin (Sigma-Aldrich, Gillingham,
UK), 2 mM I-Glutamine (Sigma-Aldrich, Gillingham, UK), 10 mM HEPES (Sigma-
Aldrich, Gillingham, UK) and 10% foetal bovine serum (FBS, Sigma-Aldrich,
Gillingham, UK). Then, the cells were washed and resuspended in RPMI complete

medium.

2.2. Calu-3

Calu-3 human lung cancer cell line was used (ECACC, Sigma, Poole, UK). Cells were
seeded at a concentration of 5*¥10° or 1*10° cells in T-75 flaks in complete growth
media, which is constituted by minimum essential medium with Earle’s salts (MEM)
supplemented with 1% glutamax, 1% MEM non-essential amino acids, 1% sodium
pyruvate, 1% Penicillin—Streptomycin and 10% foetal bovine serum. Media changes
every two to three days. When cells reached 80% confluency, cells were passaged
washing three times with Dulbecco’s PBS and detaching using TrypLEE
(ThermoFisher, UK).

2.3. Preparation of Conventional Cigarette Extract (CSE)
The generation of CSE was performed as described in previous studies (Bernhard et
al., 2004; Alkhattabi et al., 2018). To ensure that all potential toxicants were present

in the extract, smoke from the combustion of a Marlboro Red cigarette without filter
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(Liu et al., 2005; Stringer et al., 2007; Mian et al., 2008) was bubbled into phenol red-
free RPMI medium (Sigma-Aldrich). After filtering the medium using a 0.45 mm
filter, a dilution series of the CSE was made, and absorbances were measured with a
Nanodrop ND-1000 spectrophotometer. The diluted extract that presented the
absorbance of 0.15 was designated as 100% CSE. 1% and 3% dilutions of this extract

were then used for the experiments.

2.4. Preparation of E-cig Extract
The e-cig and a “do-it-yourself” (DIY) e-liquid Mixing Kit were purchased from
VAPEMATE (Brentwood, UK). The propylene glycol/vegetable glycerine (PG/VG)
ratio was 50/50, while the nicotine content was 12 mg/ml. The smoking machine was
custom-made of a three-way stopcock connected to a 50 ml syringe, an e-cig, and a
falcon containing 10 ml complete culture material as described in previous studies
(Chen et al., 2020). The vapour was forced into the syringe before being bubbled into
the medium at a rate of 50 mL/min. Before and after the process, the e-cig cartridge
was weighed to ensure that 200 mg of liquid was consumed in around 25 cycles.
Afterwards, the medium was filter-sterilized with a 0.45 mm pore-size filter. The
obtained extract was thought to be 100% e-cig extract. Further dilution was required
to obtain 1% and 3%, which were utilised to treat PBMCs and Calu-3 cells,

respectively.

2.5. Preparation of Heated Tobacco Product extracts

The HTP IQOS was purchased from IQOS (https://uk.iqos.com). Two separate sticks

with distinct flavouring (one with menthol and the other fruits) were purchased from
the authorised seller for both devices. The smoking machine was ideated as the one
described for the preparation of other extracts. The puffing protocol used was the same
described by Pagano and colleagues (Pagano et al., 2021), in particular 4-s puffs with
30-s puffintervals and a puffing volume of 55 mL. A total of 10 puffs were considered
a representation of one smoking session (t=320-s). The obtained extract was

considered the 100%. For the PBMCs experiments, IQOS extracts were then diluted
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in culture media similarly to what previously done by Pagano (Pagano et al., 2021).
Precisely, the dilutions chosen were 50%, 25%, 10%, 5% 3% 1%. Calu-3 cells were
instead exposed only to a dilution of 30% IQOS extract, as this is the concentration

that consumers are expected to get when using this device (Davis et al., 2019).

2.6. Flow cytometry tests
2.6.1. PBMCs experiments
Assays were performed seeding cells at a concentration of 2*10° cells/mL in 96-well
plates as in Figure 4. The aim was to investigate how PBMCs populations changed
throughout time when exposed to various concentrations and flavours of HTPs,
comparing them to already studied concentration of traditional cigarette, e-cig (1% and
3%) and nicotine (12 pg/mL and 200 pg/mL). For the t=0 h time point, cells were put
in a tube and analysed as follows: a mixture of the antibodies for flow cytometry in
Table 2 was prepared and 50 pL of antibody pool were needed for each well. Cells
were centrifuged at 300 g, 9 1 and 9 | for 5 minutes, then washed with PBS+1%BSA
(PBA). Pellet was resuspended and incubated with the antibody mixture for thirty
minutes in the dark at 4°C. Then, cells were washed, fixed with the fixation buffer and

read with the SONY ID700 Flow Cytometer (Sony, UK).

t=24 h and t=48 h time points were performed as previously described but the pool of
antibodies was distinct. The antibodies used for the flow cytometry investigation are
reported in Table 3 and Table 4 and they were diluted 1:50 prior to the preparation of
the pool. For t=24 h viability of cells was not studied. Unstained and single colour

control were performed for each time point.
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Fig. 4. 96-well plate for PBMCs seeding strategy. CSE indicate the cigarette smoke extract, ECIG
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indicates the e-cig vapour extract, NIC indicates nicotine and IQOS-M the menthol-based stick used for

the extract.

Table 2. Antibodies for the t=0h analysis.
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Table 3. Antibody pool for t=24 h analysis.

CDh4 CD14 CD19 CD56 DC-
SIGN

total T T- Monocy B Natural  dendrit
lymphocytes  helper tes cells  killer ic cells
cells cells /
NK T
cells
(with
CD3)
- BV605 FITC PerCP- PE  APC PE-Vio
Vio 700 770
‘pL pertest | 2 pL 5uL 5puL 5uL  5puL 5uL

Table 4. Antibody pool for t=48 h analysis.

Ch4 CDl14 CDl CD56 DC-  Dead

SIGN cells
total T T Monoc B Natural Dendr viabilit
lymphocyte helper y-tes cells killer  i-tic y
S cells cells / cells

NK T
cells
(with
CD3)
BV605 FITC PerCP PE APC PE- Zombie
-Vio Vio Aqua
700 770
2 ulL SuL  5uL SuL 5SpuL SuL  0.5uL

2.6.2. Calu-3 experiments
Assays were performed seeding 8*10* cells/mL in 24-well plates as in Figure 5. The
plates were incubated until they reached 70% confluency, usually after twenty-four

hours, and then extracts were added and incubated cells for twenty-four hours. t=0 h
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time point was examined as well. Media was collected for cytokines investigation
through ELISA kit. Then cells were washed with Dulbecco’s PBS and then detached
with TrypLEE. From each well, cells were put into two FACS tube and centrifuged
for 5 min at 350 x g.

OOOODE
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Fig. 5. 24-well plate for Calu-3 cells seeding strategy. CSE indicate the cigarette smoke extract, ECIG

N

indicates the e-cig vapour extract, NIC indicates nicotine.

The antibodies used for the ACE-2 and viability investigation are reported in Table 5.
50 uLL ACE-2 antibody diluted in PBA was added to the cells and incubated for thirty
minutes in the dark at 4°C. Afterwards, cells were washed with 1x Binding buffer at
300 x g for 10 mins, 3 1 and 3 |. 10 uL of FITC Annexin V was added in each tube
and the tubes were incubated for fifteen minutes in the dark at room temperature
(25°C). Cells were then washed and resuspended in 300 pL 1x Binding buffer. Prior
to analysis at the CANTO Flow cytometer, 0,33 pL of Propidium lodide (PI) was
added into the tubes. The matching isotype control antibody was analysed as well.
ACE-2 data are expressed as relative Median Fluorescence Intensity (rMFI) obtained

by dividing the MFI by the MFI mean of ACE-2 isotype control antibody.
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Nrf2 intra-nuclearization was studied as followed. The antibodies pool used is reported
in Table 6. After the detachment, cells were washed with PBS at 500 g for 5 minutes
and resuspended in 100 uL PBA. 1 pL of Zombie-green dye was incubated with cells
for 15 mins at room temperature and then washed as before. Cells were fixed with 500
pL of 1% methanol-free formaldehyde in PBS and incubated for fifteen minutes at
room temperature. After the cells were washed, the permeabilization buffer (500 pL
0.4% Triton X-100 in PBS) was added into the tubes and incubated for fifteen minutes
at room temperature. Washed cells were then incubated with NRF-2 antibody diluted
in PBA for thirty minutes at room temperature. Cells were washed and, aiming to
staining the nuclear membrane, incubated with 500 pul DAPI for one hour and a half at
room temperature. Finally, cells were washed, resuspended in 500 pL PBS and read at
the ImageStream Flow Cytometer. Matching isotype control antibody was analysed

for all the treatments.

Table 5. Antibodies used for ACE-2 and viability investigation.

ACE 2 AnnexinV

'Fluorophore ~ APC FITC PE
‘pLpertest 5 10 0.33

Table 6. Antibodies used for NRF2 nuclear internalisation investigation.

Nucleus membrane Dead cells

_ APC DAPI Zombie green
‘mLpertest 5 10 0.33

2.7. Statistical analysis
Data were analysed using GraphPad Prism v9 for Windows (GraphPad Software), and
values are presented as mean + SD from independent experiments, unless otherwise

stated. One-way ANOVA analysis followed by Bonferroni correction was performed
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comparing each group with each other. A p value < 0.05 was considered statistically

significant.
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Results & Discussion

1. IQOS® chemical investigation (published data, Vivarelli et al., 2021)

GC-MS revealed that in IQOS® smoke there are aldehydes (acetaldehyde,
formaldehyde, butyraldehyde, propionaldehyde), VOCs and PAHs (fluoranthene,
pyrene, phenanthrene, benz(a)anthracene, benz(a)pyrene, and others; Fig. 6). These
compounds indicate the occurrence of thermal degradation and incomplete
combustion, thus raising doubts on PMI’s claim that the device heats the tobacco stick
avoiding the combustion phenomenon. JAMA editor Mitchell H. Katz stated that these
devices, indeed, produce cancer-causing chemicals even though some scholars argue

about the label “smoke” for the aerosol generated by IQOS (Katz, 2017).

A B

Polycyclic aromatic hydrocarbons (PAHs)
1 Aldehydes

Fig. 6. IQOS mainstream emission contains toxic aldehydes and polycyclic aromatic
hydrocarbons (PAHs) as markers of pyrolysis. IQOS releases several toxic compounds typical of
tobacco cigarette smoke, some of which are markers of pyrolysis or thermodegradation of tobacco such

as formaldehyde and acetaldehyde (B), benzo[a]pyrene and PAHs (A), and xylene (C).

Our findings are in line with other investigations which state that IQOS smoke contains
aldehydes, VOCs and PAHs, together with tobacco-specific nitrosamines (TSNA) and
carbon monoxide (Auer et al., 2017, Leigh et al., 2018, Cancelada et al., 2019). Some
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studies claim that the mainstream emission generated by the IQOS device contains
inferior concentration of toxicants when compared to CC smoke (Li et al., 2018,
Salman et al., 2019). Even though a comparison between CC smoke and 1QOS
mainstream is here missing, these data should be considered because they show the
presence of unsafe chemicals in the vapour inhaled by IQOS users. Moreover, the
presence itself of these toxicants is to be considered hazardous since the WHO states
that there is no safe level of exposure or threshold dosage (WHO, 2022).
Notwithstanding, the found compounds are all considered harmful or potentially

harmful by the FDA (FDA, 2012).
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2. Invivo investigation
2.1. Respiratory system (published data, Vivarelli et al., 2021)

Through the histological analysis provide ultrastructural pictures of the tracheas of rats
subjected to IQOS stick smoking (Fig. 7), which exhibit histological characteristics
comparable to traditional cigarette smoking (Armstrong and Gibbs, 2009). Scanning
electron microscopy (SEM) images of trachea samples from the control group indicate
a well-preserved epithelial architecture, with the appropriate ratio of goblet cells and
ciliated cells (Fig. 7A a-d). SEM and TEM images of tracheas of exposed animals
present considerable alterations, like the presence of erythrocytes (Fig. 7A f, h),
necrotic and apoptotic cells on the submucosa (Fig. 7A g, h), changes in cilia
localization and length (Fig. 7A g) and secreting granules or secreting cell portions.
These alterations are comparable to those induced by CC and are thought to be the
consequence of aldehyde exposure, notably acetaldehyde (Simet et al., 2010; Wyatt et
al., 2012).

The lung parenchyma was severely damaged (Fig. 7B), with profound disarray and
collapse of the alveolar epithelium, no bronchial branching (Fig. 7B a, b) and evident
blood extravasations (Fig. 7B g-1). Granulocytes lung infiltration as an inflammatory
response was observed by TEM (Fig. 7B g-1). This evidence was supported by
increased circulating blood neutrophils (Fig. 7C), which is commonly seen in
individuals with stable chronic obstructive pulmonary disease (COPD) (Pascoe et al.,
2019). Thus, it is evident that in our study [QOS® exposure was clearly detrimental to
the lungs.
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Fig. 7. IQOS exposure leads to a severe airway remodelling. IQOS alters white blood cells profile.
(A) Images from scanning/transmission electron microscopy (SEM, TEM) of trachea specimens from
control group, show a well-preserved epithelial organization, with the expected balance between goblet
cells (gc) and ciliated cells (cc), presenting different levels of nuclei (nu) (A a-d). Exposed group reveals
marked changes including the presence of erythrocytes (e) (A f, h), and necrotic cells (ne) on epithelial
surface (A g, h). Cilia distribution and length appear also affected by the treatment (P ) (A g). Trachea
details captured by SEM (A i) and TEM (A j-m) from IQOS group show secreting granules or secreting
cell portions (*) (A j). A significant number of apoptotic (ap) and necrotic cells (ne) appears along the
submucosa (A k-m). Bars: a=20 uym; b, c,m,j=5 um; e =50 pum; f, g, i=10 pm; d, h, k, 1 =2 pm.
(B) Images of lung specimens (SEM, TEM) show a preserved parenchyma in the control group with
well recognizable alveolar cavities and bronchial branches (B a,b), whereas tissues from exposed

animals appear more compact with a diffuse extravasation, and the presence of neutrophils (n),
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eosinophils (e), macrophages (m) (B g-1). Bars: a, e, f=100 um; b =50 pm; ¢, g =15 pm; d =250 nm;
h,1=1 pm;i=2 um. (C) The white blood cell profile records a neutrophils growth spurt in the exposed

group compared to controls.

The evaluation of the inflammatory state revealed an increase in the cytoplasmic
fraction of the lung of 1L-13, IL-10, IL12, TNF-a ¢ INF-5 (Fig. 8A f-1). Tissue gene
expression of IL-6, TNF-, and aldehyde dehydrogenase 3 family member Al
(ALDH3A1) demonstrates a non-significant, increasing tendency (fig. 8B a).
Furthermore, inflammation was corroborated by an increased activity of the enzyme
COX which was identified (Fig. 8C); its increase is commonly reported in traditional
cigarette users and can contribute to tumour growth (Huang and Chen, 2011). In the
IQOS group, gene expression of pulmonary glycoprotein, granulocyte macrophage-
colony stimulating factor (CSF2), and macrophage inflammatory protein CCL3 is
significantly higher than in the control group (Fig. 8B b). The upregulated pulmonary
CSF2 has been linked to COPD development by raising the number of neutrophils
(Vlahos and Bozinovski, 2013), as well as the upregulation of CCL3, which enhances
the recruitment of macrophages into the airways (Ravi et al.,, 2014). However,
eosinophil infiltration and an increase in the Th2 cytokine IL-13 and other markers
herein identified have been linked to asthma (van der Pouw Kraan et al., 2002).
Moreover, cigarette smoke is known to cause eosinophil accumulation in distal
airways (Kim and Rhee, 2010). Hence, exposure to IQOS is here accountable for

robust inflammation.
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Fig. 8. IQOS triggers lung inflammatory response. (A) IL-1a and IL-2 are supressed (a, c¢), whilst
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3 family member A1 (ALDH3A1) tissue gene expression shows an increasing trend although it misses
the statistical significance. (C) Pulmonary cyclooxygenase (COX) linked activity is up-regulated in

exposed group compared to control.

Our findings show that IQOS® smoke exposure induced a considerable increase in
free radicals (RRS) in the tissue. The DCFH assay, used to assess RRS levels in
homogenised tissue, revealed a 29% rise in the exposed group when compared to
controls (Fig. 9A b). It was feasible to refine this investigation by magnetic resonance
spectroscopy (EPR), due to its ability to identify reactive species centred on nitrogen
and carbon straight from biopsy specimens. EPR, indeed, reveals that the concentration
of total radical species is doubled in the IQOS® group (Fig. 9A a). It is worth noting
how the values are significantly spread in three clusters with respect to the average

value; this dispersion might be attributed to the animal's unique reaction to treatment.

To assess the biological impact of the rise in RRS, tests to investigate the oxidative
damage to macromolecules were performed. Among these are the FRAP test, which

measures plasma antioxidant capability, and the FOX assay, which shows erythrocyte
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membrane vulnerability to oxidative damage. These results demonstrate an increase in
systemic oxidative stress, which was reduced to 24% (Fig. 9B) and rose to 37% in
RBC membranes and 65% in lung homogenate (Fig. 9D b-c) in the exposed group
respectively. Although red blood cells have an efficient antioxidant machinery, the
presence of polyunsaturated fatty acids in the membrane and the heme group makes
this cell population particularly vulnerable to free radical damage, and oxidative
damage to the erythrocyte membranes is a well-known marker of atherosclerosis in
smokers (Greenberg et al., 2008). Other signs of oxidative stress are lipid peroxidation
and carbonylated proteins. These observations at the pulmonary level reveal an
increase of 42% circa in the oxidation products of fatty acids (Fig. 9D a) and an
increase of 39% in the protein carbonylation (Fig. 9D d), indicating a disturbance of

redox homeostasis also at the organ level.

Surprisingly, there was no substantial increase in pulmonary enzymatic antioxidant
and post-oxidative networks (Fig. 9C). Normally, indeed, the activation mechanism of
phase II enzymes and antioxidants in stressful conditions involves the intervention of
the Nrf2, which is capable of regulating the gene expression of this enzymatic pattern,
in combination with the ARE promoter. Unfortunately, our results show a mild down-
regulation in Nrf2 expression (Fig. 9C f), as well as the UDPGT phase-II enzyme (Fig.
9C g). These impairments are often observed in lung biopsies of patients with COPD
(Goven et al., 2008; Barnes, 2020).
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Fig. 9. IQOS determines the radical species’ content and related oxidative stress. (A a) Radical
species yield in lung biopsies measured through EPR intensity of the first spectral line of the observed
nitroxide radicals (arbitrary units). (A b) RRS amount in lung tissue homogenate by DCFH-DA assay.
(B) Plasma reducing capability assessed by FRAP assay is reduced in IQOS group. (C a-e) No
significant increment of lung enzymatic antioxidant network here tested excepted for NQO1 activity.
(C f, g) Nrf2 and UDP-glucuronyl-transferase are down-regulated. (D a-e) Oxidative stress markers:
IQOS exposure increases lipid peroxidation (TBARS assay), hydroperoxides (FOX assay) amounts
measured in RBC membranes and tissue homogenate and protein carbonyls measured in lung tissue

homogenate.

Oxidative stress can induce DNA damage as well; thus, we assessed it through the
ELISA enzyme immunoassay. The method used allowed to measure, in plasma and

DNA extracted from the tissue, two types of oxidised guanosine: 8-hydroxy-2'-
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deoxyguanosine (8-OHdG) and 8-hydroxyguanine (8-OHdG) (Fig. 10A). The results
show that the oxidised nucleoside concentration is greater in the exposed group. 8-
OHAG is generally known as an oxidative stress marker that correlates favourably with
the risk of mutagenesis and carcinogenesis (Cooke et al., 2003; Tanaka et al., 2008),

suggesting that [QOS-related oxidative stress causes harm not only to a tissue level

but also to DNA.

The mutagenic potential of IQOS mainstream components was investigated by
utilising urine as the ultimate reservoir of chemical by-products. The Ames test shows
that the metabolite mixture obtained triggered considerable DNA damage in S.
typhimurium, as demonstrated by an increase in bacterial revertants leading to gene
mutation (Fig. 10C). Furthermore, Alkaline Comet assay performed on whole blood
reveals an increase in DNA damage. This damage was detected in leukocytes as
fragmented DNA movement indicated by single-, double-strand breaks, and alkali-
labile sites (Fig. 10B). Individual 99° percentile TI% distributions for the Alkaline
Comet assay exhibit a large rise in cells with a high degree of DNA fragmentation.
These outcomes disagree with what reported by PMI: indeed, the company claims in
their published study that IQOS usage cannot result into genetic material injury

(Schaller et al., 2016).
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Fig. 10. IQOS triggers an increasing trend of DNA damage. (A) Exposed animals report higher
levels of 8-OHdG as a DNA oxidative damage marker measured in DNA isolated from lung tissue
(more than 300%) and in plasma (more than 100%). (B) Alkaline Comet assay on whole blood shows
an increasing trend of DNA damage between the unexposed and exposed population. The distributions
of individual 99° percentile of TI% for the Alkaline Comet assay shows a significant increase in cells
with a high degree of DNA fragmentation, as revealed by the individual 99° percentile. (C) IQOS
exposure increases the amount of S. typhimurium revertants in TA100 Salmonella strain with S9 mix

on urine in a dose-dependent manner.

The evaluation of the cytochrome P450-linked monooxygenase system (CYP450)
behaviour, which is essential mediator of catalytic processes (Hartog, Zhang and Ding,
2019), reveals a considerable up-regulation of the monooxygenases linked to isoforms

CYP2El (which activates alcohol, nitrosamines, benzene, acetone, acrylamide),
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CYP2B1/2 (olefins and halogenated hydrocarbons), CYP1A1l and CYP2A1/2
(polychlorinated biphenyls, aromatic amines, PAHs, and alkylnitrosamines) (Fig. 11).
The boost in activity linked with the CYP1A1/2 isoform, which exhibited a 900%
increase in the treated compared to controls, is noteworthy (Fig. 11A). Real-Time PCR
study of CYP1A1 gene expression appears to point to an mRNA-dependent inductive
process (Fig. 11B). This induction is known to enhance the activation of carcinogenic
and highly hazardous substances (e.g., benzo[a]pyrene); hence, it is regarded as
extremely dangerous to the distal airways, since it has been found to increase

susceptibility and development of COPD (Wang et al., 2015).
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Fig. 11. Changes in major carcinogen-bioactivating enzymes related with IQOS exposure. 1QOS
exposure induces CYP1A1 activity by more than 900% (A), and the relative gene expression increases
4-fold over compared to controls (B). CYP2EI increases up to 172% (C), CYP2B1/2 115% (D),
CYP2A1/2 160% (E). All CYP-linked monooxygenases are measured in lung purified microsomal

fractions.

The stimulation of the CYP450 system is linked to enhanced bioactivation of pre-
mutagenic/pro-carcinogenic substances and an increased risk of cancer (Gonzalez and
Kimura, 2001). In particular, CYPIAl1l and CYPIB1 isoforms are commonly
overexpressed in a variety of extrahepatic neoplasms, including lung cancer. It also
appears that their increase plays a key role in tobacco smoke-induced carcinogenesis
by catalysing the activation reaction of polycyclic aromatic hydrocarbons (PAHs)
(Thum et al., 2006). The increase in such isoforms has previously been documented
and is thus linked to CC and e-cig usage (Kroon, 2007; Canistro et al., 2017; Winters
et al., 2020). Our data indicate that IQOS exposure seems to determine a comparable
harmful effect to previous smoking methods. Furthermore, CYP450-iperactivation s

connected with an increase in ROS release (Canistro et al., 2017), worsening the
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oxidant-antioxidant balance and might lead to COPD worsening or cancer

development (Barnes, 2020).

Cigarette smoke-related ROS rise is well known to activate the mitotic-activated
protein kinase (MAPK) cascade through activating apoptotic signal-regulating kinase
1 (ASKI1). This kinase phosphorylates c-Jun N-terminal kinase (JNK) and p38,
oxidative stress-responsive kinases that might determine the induction of cell
apoptosis (Lillig and Holmgren, 2007). Previous in vitro and in vivo studies reveal that
tobacco smoke causes hyperplasia, an increase in the number of lymphoid follicles,
alveolar inflammation, and metaplasia through activating extracellular regulated
kinase (ERK), JNK, and p38 (Lee et al., 2008; Liu et al., 2011; Liang et al., 2018).
Lastly, activation of the MAPK cascade is implicated in respiratory disorders such as

COPD and asthma (Renda et al., 2008).

In our study a hyperactivation of the MAP-kinases considered (ERK1/2, JNK, p38)
was observed after [QOS® exposure (Fig. 12). ERK1/2, JNK, and p38 are kinases that
play critical roles in cell proliferation and differentiation (Khorasanizadeh et al.,2017).
When exposed to high amounts of oxidative stress, the p38 kinase turns into the
activated form and functions as an inhibitor of cell growth as well as an inducer of the
apoptotic process (Wagner and Nebreda, 2009). Recent studies, however, ascribe p38
to a pro-inflammatory and pro-tumorigenic role since it is implicated in the synthesis
of Tumour Necrosis Factor-a (TNF-a), interleukin (IL)-6, IL-1, COX2, and IL-17 (Del
Reino etal., 2014; Yin et al., 2016). They enhance the transcriptional activity of a wide
range of immunomodulatory genes, all of which have been linked to a multitude of
lung illnesses, including pollutant-induced bronchitis, allergic and non-allergic
asthma, exercise-induced asthma, acute respiratory distress syndrome, and COPD
(Khorasanizadeh et al.,2017). These findings support the theory that IQOS use may

aggravate several inflammatory-related lung illnesses.

73



a b

2.0 b

1.54 CTRL 108
x .
2 e,
Pian o
=
Z
a

0.5

a-tubulin -—---—---

CTRL 100S

CTRL [[ele}]

T e e R R S
- - S NNEEES
0.54

aep—————T Y L

P-ERK1/2/ERK1/2
g

CTRL 1008

CTRL 1Q0S

-]

N i s WO S R
1.09

o

. T T T -

054 p38

ST - — — - -

T
CTRL lQos

Fig. 12. Tobacco-induced cancer development MAPK pathway is enhanced by IQOS exposure.
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2.2. Liver (submitted, Granata et al.)
The liver has various crucial activities, including the management of glucose, lipid,
and protein metabolism, as well as the detoxification and inactivation of medicines
and toxins (Arias et al., 2001). This organ is highly sensitive to ROS generation: in
fact, an uncontrolled ROS increase leads to various hepatic diseases, such as liver
steatosis and cirrhosis (Kim et al., 2017; Zhu et al., 2012). Moreover, ROS may alter
hepatic physiological functions and contribute to the development of these illnesses
(Muriel, 2009; Zhu et al., 2012). ROS generation is often caused by both endogenous
and external causes (Phaniendra et al., 2015; Violi et al., 2018). Metabolism processes,
such as those catalysed by CYP450 monooxygenases, COXs, lipoxygenases, XO, and
mitochondrial respiration, are endogenous ROS producers (Griendling and
FitzGerald., 2003; Klaunig et al., 2011). Exogenous sources mostly include inhaled
hazardous chemicals, such as those generated by cigarette smoke (Borgerding and
Klus, 2005; Klaunig et al., 2011). In fact, CC produces a plethora of hazardous
chemicals but also free radicals (Borgerding and Klus., 2005; Dellinger et al., 2011).
Besides, also IQOS mainstream contains ROS among its constituents reported to be
increased (Kaur, Muthumalage and Rahman, 2018), which appear to be considerably

lower than in CC smoke but two-fold higher than in normal air (Salman et al, 2019).

Our findings indicate a statistically significant boost in ROS in the exposed group over
the control group. The DCFH-DA assay on homogenated tissue was performed on the
microsomal and S9 fraction, yielding an overall increase of statistically significant
oxidant species emerged. In the tissue ROS increased up to 142% (Fig. 15A), while
the S9 proportion, in instance, increased the most, by 98% (Fig. 15B). This observation
is noteworthy since high levels of ROS may generate a pathogenic inflammatory
response (Schieber and Chandel, 2014) and it is consistent with literature, which shows
how the habit of cigarette smoking (both traditional and electronic) determines a

significant deterioration in the liver's redox balance (Sussan et al., 2015).

In another recent study, Wong found that rats exposed to IQOS for 90 days presented
a significant increase in the liver weight, which is a sign of hepatocellular hypertrophy
(Hall et al., 2012), compared to the control one (Wong et al., 2016). We evaluated liver

weight as well: in contrast with Wong’s study, we found no changes between groups
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(Fig. 13), which might be attributed to the shorter duration of exposure to IQOS
mainstream emission (30 days vs 90 days). However, mitochondrial analysis revealed
that livers of exposed animals increased their mitochondrial mass (Fig. 14E), most
likely through activation of the biogenesis process as a mechanism to counteract a
possible damage to the oxidative phosphorylation machinery due to the condition of

cellular oxidative stress.

A
15+

(4.}
(=]
1

]
|

-
o
1
w
i

w

1
n
?

liver (g)
liver (g)/body weight (kg)
=

o

0 T T

Q& o N3 &
0« \0_0 C‘,\ \00

Fig. 13. IQOS exposure did not affect liver weight. (A) Liver weight (g) for treatment group. (B)
Liver weight (g)/body weight (kg) ratio.

The antioxidant enzymes have been thoroughly researched. Indeed, cellular processes
typically adjust to ROS growth by boosting antioxidant defences, which include
enzymes such as GSH Px, GSSG red, SOD, catalase, DT-diaphorase, and
nonenzymatic systems such as GSH (Ishii and Yanagawa, 2007; Violi et al., 2017).
Mostly, we did not observe important variations in the activity of antioxidant
enzymatic systems apart for DT diaphorase (+39,3%) and catalase (+53,5), which were
significantly risen in the exposed group compared with the control one (Fig. 16B). It
has also been reported an increase in xanthine oxidase catalytic activity (40%: Fig.
16B), a known marker of oxidative stress, together with a slight but non-significant
increase in the COX (Fig. 16B), and an enhancement of tissue mitochondrial
respiration. The maximum oxygen consumption rate, evaluated in the presence of the
uncoupler FCCP, showed a minor but non-significant increase (approximately 15%)
in mitochondria of IQOS-treated rats compared to controls (Fig. 14A). Furthermore,
FRAP was analysed as an indicator of antioxidant activity (Benzie and Strain, 1996;

Benzie and Devaki, 2017), but only a little, non-significant increase was seen in the
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exposed group (p=0.0658; Fig. 15G). Conversely, the liver enzymes GSH Px (Fig.
16A) and SOD (Fig. 16B) underwent a slight but significant decrease in their activity
equal to -10.3% and -15%, respectively.
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Fig. 14. IQOS smoking’s effect on mitochondria. (A) Typical Complex II-driven oxygen
consumption traces of mitochondria isolated from liver of control (blue line) and IQOS-treated (red
line) rats. Uncoupled respiration obtained in the presence of saturating concentration of both succinate
and FCCP are shown. The saturating oxygen concentration (100%) at 37°C is 204.1 pM. Due to the
technical characteristics of the oxygen electrode, the O2 concentration at the starting of the assay might
slightly differ from 100 %. (B-D) Mitochondria were isolated from control and IQOS-treated rats. (B)
Complex II-sustained uncoupled respiration was assessed in mitochondria in the presence of FCCP.
Data are expressed as % of controls (mean value: 47.13 £ 2.69 nmol min-1 mg-1 of protein). (C) CS
activity, considered a marker of mitochondria content (Costanzini et al. 2019), was measured as reported
in section 2. Data are expressed as % of controls (the mean value of CS activity was: 114.72 + 18.98
nmol min-1 mg-1 of protein). (D) Oxygen consumption rate normalised to CS. Data are expressed as %
of controls (mean value: 0.421 + 0.071). Each sample was assayed at least in triplicate. (E) Total CS
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activity present in the crude homogenate normalised to the gram of wet liver weighted just prior to
mitochondria isolation. Data are expressed as % of controls (mean value: 12.43 + 1.44 nmol min-1 mg-

1 g-1 of liver). * p< 0.05 indicates the statistical significance of data.

Notwithstanding, total GSH levels were determined in the two treatment groups. When
rats were exposed to IQOS® mainstream, there was a -25% drop in total glutathione
(Fig. 16A) compared to controls, indicating a loss in non-enzymatic antioxidant
capacity (Avti et al., 2006). This reduction is consistent with other studies following
the exposure to CC smoke (Garbin et al., 2009; Napierala et al., 2019). Total GSH
plays a key role in the protection from ROS (Fernandez-Checa et al., 1997; Reliene
and Schiestl, 2006) since it preserves cell membrane integrity binding to free radicals
and superoxide ions. Its drop might be triggered by the significant presence of ROS
(Pearce et al., 2020), and the rise in ROS levels is largely dependent on the loss in
antioxidant defences (Langer, Jiirgensmeier and Bauer, 1996; Phaniendra et al., 2015).
Increased oxidative stress results in a reduction of intracellular GSH levels; in fact,
GSH levels have been found to be considerably lower in individuals with chronic liver
disease (Loguercio et al.,, 2001; Zhu et al., 2012). Differences in GSH system
homeostasis, in fact, have a role in the genesis and progression of cancer and liver

diseases (Raza, 2011; Traverso et al., 2013).
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Fig. 15. IQOS causes an increment of ROS and related damage. ROS content was higher in the
exposed group: (A) tissue homogenate 142% (p<0.01); (B) S9 fraction 198% (p<0.01); cytosolic
fraction 110.3%; microsomal fraction 123.5% (p<0.05). The data are shown as nmol DCF/g tissue for
homogenate and as nmol DCF mg-1 proteins for other fractions. Carbonylated proteins were slightly
higher in the exposed group: (C) tissue homogenate 109.8%; (D) S9 fraction 111.6% (p<0.01); cytosolic
fraction 108.2% (p<0.01). The data are shown as nmol carbonyls g-1 tissue for homogenate and as nmol
carbonyls mg-1 proteins for other fractions. The MDA concentration was significantly higher in the
exposed group: 2e) tissue homogenate 111.8% (p<0.01); (F) cytosolic fraction 142.2% (p<0.01);
microsomal fraction 113.1% (p=0.0596). The data are shown as nmol MDA g-1 tissue for homogenate

and as nmol MDA mg-1 proteins for other fractions. (G) The Ferric reducing/antioxidant power (FRAP)
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was slightly higher in the exposed group (109%; p=0.0658). The data are shown as percentual variation.

Data are expressed as mean £ S.

GST and UDPGT are other antioxidant defence components to consider (Omiecinski
etal., 2011). Both belong to two different families of Phase-II detoxification enzymes,
and their role is to protect the cell against reactive electrophiles by conjugating GSH
to endogenous and exogenous substances or neutralising them by glucuronidations
(Townsend and Tew, 2003; Omiecinski et al., 2011). Data analysis reveals a minor but
substantial decrease in the GST enzyme of -7% (Fig. 16D); this effect is consistent
with the reduction in GSH at the cytoplasmic level mentioned above, indicating a
lower detoxifying capability and, as a result, higher sensitivity of tissues to ROS. In
contrast, UDP-GT activity increased by 216.4% (Fig. 16D) in rats treated to IQOS®,
which is twice as much as in the control. CC smoke is known to cause UDPGT
upregulation in liver (Villard et al., 1998; Mori et al., 2003) and so do e-cig in other
organs already studied (Canistro et al., 2017; Vivarelli et al., 2019). GST decrease, on
the other hand, is discordant with some research on CC smoke (Ryu et al., 2019), but
consistent with some other studies on e-cig aerosol (Canistro et al., 2017; Vivarelli et
al., 2019). GST typically binds to sterols and lipophilic molecules with high affinity,
limiting lipid peroxidation and serving as a marker of liver damage (Zhu et al., 2012);
GST downregulation must be monitored as it was acknowledged in human hepatocytes
as non-alcoholic steatohepatitis (NASH) progressed, as well as in livers of mice fed a

high fat-diet (HFD) or high fat high cholesterol (HFHC) (Lan et al., 2022).

Another pathway used by cells to boost antioxidative defence is the increased
expression of NRF2 (Kobayashi and Yamamoto, 2005; Wakabayashi et al., 2010),
which plays a vital role in the regulation of the transcription of genes related to
antioxidant and phase II detoxifying enzymes (Kwak and Kensler, 2010). Our study
revealed a significant reduction in the expression of NRF2 in the liver of the exposed
rats down to 24.4% (Fig. 17C-D). Usually, NRF2 has a protective role against CC-
induced harm (lizuka et al, 2005; Gebel et al, 2010), but it has been seen that a chronic
exposure can lead to its compromised activation (Goven et al., 2008; Garbin et al.,

2009). Furthermore, the NRF2 is responsible for GST regulation (Walters, Cho and
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Kleeberger, 2008); hence, it is t is understandable that we witnessed a slight reduction

in GST activity.
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Fig. 16. Effect of IQOS exposure on total (GSH) and antioxidant enzymatic systems, CYP-linked
monooxygenases and phase-II enzymes. (A) The total amount of GSH was significantly lower in the
exposed group (75%; p<0.001). A slight increment of GSSG red (112.4%) was observed in the exposed
group (p>0.05) and GSH Px activity was -10.3% lower in the exposed group, but data are not
statistically significant. DT-diaphorase showed a significant increment in the exposed group (139.3%;
p<0.01). (B) An increment of +23.4% of COX levels was observed in the exposed group, but it was not
statistically significant (p>0.05). Catalase activity significantly grew of 153.5% in the exposed group
(p<0.05). SOD showed a slight, non-significant decrement of its activity (85%; p>0.05). XO statistically
increased its activity (132%; p<0.001). Data are expressed as mean = S.D. (C) Analysis of phase I
enzymes shows an increment in the exposed group that was statistically significant for: PROD
(CYP2BL1/2), increased up to 219.5%; EROD (CYP1A1) 201.5%; MROD (CYP2A1) 216.6%; pNPH
(CYP2E1) 134.3%; and ECOD (not specific, CYP1AL, 1A2 and 2B) 129%. APND showed an
increment up to 141.9% that was not statistically significant (p=0,0534). Data are expressed as mean =
S.D. (D) GST and UDPGT-supported activities were evaluated as marker of phase-II metabolism.
Analysis showed: a slight reduction in GST levels (93%) in the exposed group, that was statistically
significant (p<0.05); an important, significant increment of UDPGT levels (316.4%; p<0.001), in the

exposed group. Data are expressed as mean + S.D.
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Notwithstanding, MAPKs are involved in the regulation of NRF2: it is thought that
p38 activity negatively regulates NRF2, whilst JNK1 and ERK2 activation promotes
it (Lee et al., 2013). In fact, we found a significant boost in the activated form of p38
in the same group where we found decreased NRF2 expression (Fig. 17A-B).
Interestingly, MAPKSs activation is strongly correlated with tobacco smoke (Lee et al.,
2008; Liu et al., 2011; Xu et al., 2015). Previous research has shown that CC also
activates MAPKs in the liver (Liang et al., 2017; Xie et al., 2019). The increased
activation of the p38 pathway is consistent with the belief that the p38 axis plays a key
role in the induction of hepatic damage by tobacco smoke, regardless of the

combustion process (Xie et al., 2019).
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Fig. 17. Western blot analyses about MAPK and NRF2. (A) IQOS exposure showed an increment
in the p38 pathway (140.4%, p<0.05) and data are expressed as phosphor-p38 (p-p38)/p38 MAPK ratio.
(B) shows blot images of p-p38, p38 and normalizer B-tubuline. (C) Nrf2 was negatively influenced by
IQOS treatment in a significant way (24.4%; p<0.001). (D) Blot images of Nrf2 and normalizer -

tubuline.

An oxidative/antioxidative imbalance cause the onset of oxidative stress, which could

lead to macromolecular damage in the cells (Farrugia and Balzan, 2012; Wu et al.,
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2013). In fact, a fundamental mechanism implicated in smoking-related illnesses is
oxidative stress. Smoking is linked to DNA damage, lipid peroxidation, protein
oxidation, and glycoxidation (Meisgen et al., 2014). Carbonylation is one of the most
dangerous changes in proteins associated with oxidative stress (Yao and Rahman,
2011). Carbonylated biomolecules trigger malfunctions and enhance toxicity, and they
have been linked to inflammation and autoimmune reactions (Foell et al., 2007; Miller
et al., 2012). Furthermore, oxidative stress has been found to be increased in a variety
of pathological conditions, including cholestatic liver disease (Shearn et al., 2019),
primary sclerosing cholangitis (PSC) (Petersen et al., 2018), NASH (Shearn et al.,
2017), Alzheimer's disease (Smiths et al., 1991), muscular dystrophy (Murphy and
Kehrer, 1989), atheros (Berlett and Stadtman., 1997). In our investigation, a minor but
statistically significant increase in carbonylated proteins was reported in the exposed
group versus the control group (Fig. 15C-D), confirming the presence of oxidative
stress. This carbonylation might induce cell damage and is significantly associated

with the pathogenesis of hepatic fibrosis (Rogowski et al., 2011).

Furthermore, a significant increase in the lipid peroxidation (Fig. 15E-F) was observed
in the exposed group, which is usually connected to membrane dysfunction and
reduced fluidity (Bast, 1993). The products of lipid peroxidation may degrade DNA
and proteins (Marnett, 1999), as well as alter gene activities and promote cell death
pathways such as apoptosis and necrosis (Madan et al., 2006). By activating the stellate
cell compartment, ROS-induced lipid peroxidation can cause liver inflammation and
fibrosis, eventually leading to organ failure (Madan et al., 2006). Exposure to IQOS
aerosol caused oxidative stress, as previously reported (Meisgen et al., 2014). This
evidence was validated by the oxysterols study. In fact, the concentration of 24-HC in
the treated livers was about 3.6 times greater than in the control (Fig. 18B). Oxysterols
are implicated in a variety of human disorders, including fat-induced damage and liver
injury in non-alcoholic fatty liver disease (Serviddio et al., 2013). Furthermore,
oxysterols (mostly 7-HC and 27-HC) are intermediates in bile acid production that
contribute to cholesterol homeostasis through inhibition of the LDL receptor and 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. Except for 24-HC,
most COPs exhibited comparable behaviour in the current investigation. In addition,

exposure to IQOS smoke greatly increased 24-HC production. 24-hydroxylase
83



(CYP46A1), which is abundant in neurons and neural retina, produces 24-HC, also
known as cerebrosterol. An increase in 24-HC accumulation should be concerning
since at the neuronal level it has been linked to neurodegenerative illnesses such as
Alzheimer's, Huntington's, Parkinson's, demyelinating diseases, and multiple sclerosis

(Garenc, Julien and Levy, 2010).

The outcomes of the lipidomic analysis show that the exposure to IQOS aerosol
resulted in a lipolytic process. It is particularly visible in the livers of treated rats where
TAG decrease in a statistically significant way, whilst MAG significantly increase. A
non-significant, increasing trend is also observed for FFA and DAG, confirming the
occurrence of lipid hydrolysis in livers of treated rats. In terms of PUFA, the A -
desaturase index increased in the livers of 1QOS-exposed mice. Both A5- and A6-
desaturases are involved in the production of n-6 and n-3 long-chain PUFA
(LCPUFA), with A-6 desaturase serving as the process's limiting enzyme. Both
desaturases' activity and expression are controlled by hormones such as insulin,
oestrogens, and the intracellular redox state, and are vulnerable to polymorphisms that
affect tissue n-6 and n-3 LCPUFA levels (Valenzuela et al., 2017). The formation of
lipid hydroperoxides (Fig. 18A) due to the oxidation of PUFAs (polyunsaturated fatty
acids) has undergone a massive increase, evaluated by analysing the levels of

malondialdehyde (MDA).
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Fig. 18. Lipidic profile observed. (A) MAG significantly increased in the treated group compared to
the control one (p<0.05); both STE and TAG showed a statistically significant decrease (p<0.01 and
p<0.05 respectively). (B) Only 24-HC and COR% showed a significant increment (p<0.01 and p<0.05).

The liver, as previously mentioned, is the organ mainly responsible for the metabolism
of endogenous and exogenous compounds. it is rich in enzymes belonging to the
monooxygenase family of CYP450, it is capable of processing and modifying
compounds to make them polar and favour their excretion. These catalysts can be
induced or inhibited by xenobiotics to which humans are exposed on a daily basis,
such as: environmental pollutants, food, drugs and cigarette smoke. Our findings

reveal that all of the isoforms studied are upregulated (Fig. 16C). These findings have
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toxicological implications since activating the CYP450 system promotes the
bioactivation of pre-mutagenic and pro-carcinogenic chemical compounds (Gonzalez
and Kimura., 2001). In fact, the increased activation of ubiquitous polychlorinated
biphenyls, aromatic amines, dioxins, and PAHs by CYP1A1/2 isoforms, as well as
olefins and halogenated hydrocarbons by CYP2B1/2 isoforms, may overwhelm the
DNA repairing enzyme system thus leading to mutagenesis. Stimulation of this CYP
isoform (and others) has been associated to enhanced formation of ROS, which are
also produced within the same catalytic cycle. (Paolini et al., 1999). Hence, the CYP
superfamily, promoting excessive electron leakage and ROS generation, hence
increasing oxidative stress and immunological response is one of the primary causes
of non-alcoholic fatty liver disease (NAFLD) (Lu et al., 2008; Diesinger et al., 2020).
The inductive pathway of CYP includes nuclear receptors such as the aryl hydrocarbon
receptor (AhR), the pregnane X receptor (PXR), and the peroxisome proliferator-
activated receptor (PPAR), which elicit a pleiotropic response that may influence
genes involved not only in xenobiotic metabolism but also in physiological activities

such as cell proliferation (Huang et al., 2005).

The CYP450 family is the primary player in the metabolism of xenobiotics, including
drugs. It is well known that CCs smoke can affect their bioavailability by activating
CYP isoforms, determining unpredictable consequences (Schein., 1995). Our work
shows that the HTP IQOS can also induce these isoforms and may have the same
dangerous consequences. Any change in enzyme activity, indeed, may only increase

individual toxicological risk (Paolini et al., 1999; Sapone et al., 2012).

Overall, the results obtained from this study are in line with part of literature that do
not exclude that ENDS and HTP devices may be able to determine medium and long-

term complications and organ dysfunctions.
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3. Invitro investigations
3.1. PBMCs

Human PBMCs are round-nucleated blood cells isolated from peripheral blood, among
which we find T and B lymphocytes, monocytes, natural killer (NK) cells and dendritic
cells (DCs) (Kleiveland, 2015; Bittersohl and Steimer, 2016). They are known as a
unique source of circulating mediators in a wide range of conditions, particularly
inflammatory diseases, and cancer (Edwards et al., 2007; Bluth et al., 2008). PBMCs
contribute to immune system functions and immunological-related events; hence, they
provide an effective reservoir of biomarkers (Baine et al., 2011). The immune system
has a role in a plethora of pathological processes, including autoimmune disorders and
infections, metabolic syndrome, and inflammation. It indicates the body can react to
infections or any exogenous stimulus (Mosallaei et al., 2020); but immune
responsiveness might differ also following exposure to chemicals, such as the ones
found in cigarette smoke (Qiu et al., 2017). Therefore, we investigated how 1IQOS
mainstream would impact PBMCs viability and frequency of population comparing it
to CC smoke, e-cig and nicotine alone, prior to future study to investigate their

activation.

Flow cytometry was used to examine the composition of PBMCs population: T cells
(CD3"), B cells (CD19"), monocytes (CD14"), NK cells (CD56" CD3"), NKT cells
(CD3" CD56") and DCs (CD11c¢" or DC-SIGN™). Cells were identified and gated by
their forward and side scatter (Fig. 19A), which is a technique widely employed to
identify cells of interest based on size and granularity (complexity). Briefly, B cells
were gated according to CD19 expression (CD19" CD3", whereas T cells were selected
based on CD3 (CD19" CD3"). The CD3" T cells were further identified and gated by
the expression of CD4 and CD8 and negativity to CD56 expression, allowing CD4 and
CD8 T cells to be distinguished. NK and NK T cells were, instead, identified using the
CD147/CD19 gate (not monocytes nor B cells) and gated according to CD56 and CD3
expression. Monocytes were gated based on CD14 expression using all single cells,
whilst DC cells were identified using the CD37/CD147/CD19" gate and gated after DC
sign expression. The PBMC population composition slightly changed throughout time.
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Observing the untreated cells (Fig. 19B), it is possible to notice that population
composition in terms of cytotoxic T cells (CD3" CD8"), B cells, monocytes, NK cells
and NK T cells has changed at different time points. Indeed, cytotoxic T cells at 0 hour
were 30.63% out of total T cells and they seem to increase up to 40.68% (+10.05%)
after 24 hours incubation and up to 41.99% (+11.36% compared to 0 hour and +1.31%
compared to 24 hours) after 48 hours. This frequency is somewhat higher than the
normal range of CD8" T cells as a percentage of total CD3™ T cells, which is between
5 and 30% (Plebanksi, 1999; Muir, 2022). However, this might be attributable to the
individual being studied: the population of PBMCs, in fact, varies among people
(Kleiveland, 2015). NK cells and NK T cells exhibit a minor increased tendency
(+3.41% and +1.37% after 48 hours, respectively). In contrast, B cells (-4.81% after
24 hours and -6.40% after 48 hours compared to 0 hour) and monocytes (-3.96% after
48 hours) decline with time. The capacity of monocytes to easily adhere to surfaces
will lead to their decrease over time; in fact, it is thought that a significant percentage
of monocytes remain in the wells (Klinder et al., 2019). DCs, however, are detected at
0 hour but are absent at 24 and 48 hours; this is consistent with the literature, since
DCs are uncommon (Kleiveland, 2015). In term of viability, all the untreated PBMCs
seems to be unaffected by the passing time (Fig. 19C), with the exception of NK cells
and NK T cells, which appear to increase (+7.82% and 11.40% after 48 hours,
respectively) and monocytes, which are mostly dead (-74.49% after 48 hours), owing
to the fact that detached monocytes are usually dead cells, whereas alive monocytes

remain attached to the plate (Klinder et al., 2019).
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Fig. 19. Untreated PBMCs throughout time. (A) Population gating strategy. (B) Each population
percentage for time points. (C) Viability of each PBMCs’ population at Oh and 48h.

When examining treated PBMCs, we observed similar outcomes regardless of what
they were exposed to. Indeed, the frequency of PBMC populations has remained nearly
constant as well as their viability (Fig. 20). Helper T cells were around 57-60% after
24 hours and 56-58% after 48 hours (Fig. 21A), whereas cytotoxic T cells were 39-
42% after 24 hours and 41-43% after 48 hours (Fig. 21B). These ranges are not entirely
consistent with the typical composition of PBMCs in a healthy adult human
(Plebanksi, 1999), but they are comparable to the untreated frequency of the same
populations, so most likely due to individual’s genetic background and environment.
It has been reported that smokers with COPD have lower levels of circulating cytotoxic
T lymphocytes than smokers without the pathology and non-smokers (Qiu et al.,
2017), but the difference observed between smokers and non-smokers is the activation

of CD8+ T cells (Koch et al., 2007), which we did not investigate.
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Fig. 20. Viability at 0 h and at 48 h of treated PBMCs. (A) CD3+ CD4+ helper T cells viability. (B)
CD3+ CD8+ cytotoxic T cells viability. (C) B cells viability. (D) NK cells viability. (E) NK T cells
viability. (F) Monocytes viability.
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B cells had an average of 9-11% after 24 hours and 8-9% after 48 hours (Fig. 22),
which is consistent with the documented normal composition. Despite the fact that
nicotine receptors are present and have a significant function in B cells (Skok et al.,
2005), we found no alterations in their levels. Since monocytes adhere to the plate,
their range variations are consistent with reported composition, and were 8-16% at 24
hours and 6-10% after 48 hours. NK cells were present in 3-4% of the samples after
24 hours and 4-5% after 48 hours (Fig. 23A). Plebanksi (1999) claimed that NK cells
typically account for 15% of total PBMCs; however, Grievling et al. (2016) observed
arange of 5 to 14%. It has been reported in mice that smoking can boost them (Motz
et al., 2010), however the literature also states that smoking's impact may vary based
on the individual, illness (COPD) conditions, and subsets of NK cells: in fact, they
may be as well reduced (Moszczynski, Rutowski and Stowinski, 1996). NKT
lymphocytes do not appear to be affected by either type of exposure; in fact, they were
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1% circa at all time points (Fig. 23B). Interestingly, cigarette smoking may affect the

number of DCs (Soler et al., 1989), however in our investigation, we found that neither

cigarette smoking nor nicotine alone, not e-cigs or HTPs, boosted this PBMC

population.

All the PBMCs populations revealed no significant differences in either cell numbers

or viability according to the treatment they were exposed to was, thus confirming that

the dilutions for CSE and e-cig vapour extract were safe for cells, as well as all the

dilution of the IQOS extract used. Thus, a dilution up to 50% for IQOS extract can be

used to future study in order to investigate how PBMC:s are activated by its exposure.
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Fig. 23. Treated NK and NK T cells throughout time and viability. (A) NK cell percentages for

each time points. (B) NK T cell percentages for each time points.
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3.2. Calu-3 cell line
Calu-3 cell line was utilised to determine whether the smoke produced by IQOS affects
human epithelial lung cells. To understand the seriousness of the insult, it was
compared to traditional cigarette smoke, e-cig aerosol, nicotine, and no exposure
(control group). Before conducting the investigation, the literature was meticulously
reviewed to determine the dilution of IQOS media extract to employ in the study. It
was identified that 30% was the percentage most close to what IQOS smokers are

likely to be exposed to when using the device (Davis et al., 2019).

The first thing we examined was how exposure to CCs, e-cigs and IQOS affected
viability in Calu-3 cells, because some researchers claim that IQOS is not cytotoxic
(Pagano et al., 2021) while some others disagree (Davis et al., 2019; Horinouchi and
Miwa, 2021). After 24 hours of incubation with the extracts, flow cytometry revealed
that viability of most treatments and untreated cells, observed through Annexin/PI
staining, was approximately 70%. Cells exposed to CCs, e-cigs, and IQOS media
extracts demonstrated comparable viability, as well as the lowest nicotine dose
(average 68.74%). However, 200 ng/mL nicotine caused a decline in cell viability
(59,36%) that was statistically different from the other treatments, as shown in Fig.
24A. Furthermore, the staining technique utilised allowed us to determine which cells
were apoptotic and which were dead (Fig. 24B). The apoptotic pathway was shown to
be triggered in a variety of cells: as a matter of fact, mostly untreated cells (3.82%)
and cells exposed to CSE (3.44% and 3.68% respectively for 1% and 3% extracts) and
e-cig extract (2.94% and 3.32% respectively for 1% and 3% extracts) were found to
be apoptotic. IQOS extract, on the other hand, demonstrated an apoptotic cell
concentration comparable to 12 pg/mL nicotine levels (=2.51%) (Fig. 24C).

PI" staining indicates dead cells, independently of Annexin staining. Consequently,
Annexin/PI" and Annexin"/PI" cells were all classified dead. Untreated cells and cells
exposed to CSE, 12 pg/mL nicotine, and 1% e-cig extract had a mean of approximately
27% dead cells, while 3% e-cig extract caused 32.6% cell death, comparable to 200
ug/mL nicotine, which caused up to 36.77% cell death. The last one differed
significantly from CSE, 1% e-cig extract, and 12 pg/mL nicotine exposed cells.

However, exposure to IQOS extract resulted in a small but not significant increase in
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cell death of nearly 3% (29,82%) (Fig. 24D). This small increase in mortality
compared to CSE-exposed cells contradicts a portion of the literature, which found
IQOS extract to have lower cytotoxicity when compared to Malboro Red cigarettes

(Leigh et al., 2018; Davis et al., 2019; Horinouchi and Miwa, 2021).
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Fig. 24. Viability evaluated on Calu-3 cells. (A) Viability assessment, or cells Annexin”/PT". (B) Flow
cytometry dot plot that shows cells’ positivity to the staining performed. (C) Apoptotic percentage, or
cells Annexin*/PI". (D) Dead cells, cells PI* (Annexin/PI* and Annexin*/PI"). * p<0.05; ** p<0.01.

Then, we investigated how IQOS smoke affect ACE-2 expression, since cigarette
smoke has been associated with an increased ACE-2 expression in type-2 pneumocytes
and alveolar macrophages, particularly at the apical end of the small airway epithelium
as compared to non-smokers, including current COVID-19 patients, although the
mechanism is not clear (Hamming et al., 2004; Cai et al., 2020; Brake et al., 2020).
Our findings suggest that ACE-2 expression was consistent between groups. Overall,
its expression was mostly about 1.86% in the untreated and nearly all the treated cells
apart from nicotine-exposed ones (Fig. 25A). In fact, the different concentration of
nicotine determined an opposite tendency in ACE-2 expression: 12 pg/mL caused a
downward trend (1.66%), whilst 200 pg/mL boosted it (1.93%). This result seems to
agree with part of literature which claims that nicotine upregulates ACE-2 through a7-
nAChRs in neuronal and non-neuronal cells (Russo et al., 2020). However, the dosage
of nicotine present in the smoke extracts seems to be ineffective. Moreover, some piece
of research suggests that CC smoke reduce ACE-2 expression instead of boosting it
(Caruso et al., 2021). Interestingly, we discovered that Annexin*/PI" Calu-3 cells were
likewise stained with the ACE-2 antibody (Fig. 25B), making us question if ACE-2

cells were primarily vulnerable to cell death.
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Fig. 25. Calu-3 ACE-2 expression. (A) rMFI values of ACE-2 expression, calculated through the ratio
of MFI and the isotype control. (B) ACE-2" cells’ plot in dead cells. * p<0.05; ** p<0.01.

The NRF2 system is critical in the cellular response to oxidative stress (Giebe et al.,
2021). Since NRF2 was shown to be induced and sometimes reduced after cigarette
smoke exposure (Garbin et al., 2009; Miiller and Hengstermann, 2012), and IQOS in
our lung and liver studies (Vivarelli et al., 2021), we decided to examine it in vitro as
well. While we measured total NRF2 in vivo without isolating the intra-nuclear
fraction, for a better understanding in vitro we performed an intra-nuclear
investigation. The ImageStream flow cytometer, a cutting-edge device that captures
both integrated fluorescence signals and high-quality fluorescence pictures (Zuba-
Surma et al., 2007), was used to visualise the cells. In Fig. 26 is it possible to observe
cells in brightfield, DAPI channel (that identifies the stained nucleus) and NRF2-APC
channel (that shows the stained NRF2). The last picture displays the merging of the
above channels, allowing one to observe clearly whether the NRF2 nuclear
translocation happened. Fig. 26A illustrates an untreated cell wherein NRF2 has not
translocated into the nucleus; indeed, the NRF2 signal surrounds the nucleus. On the
other hand, Fig. 26B shows another untreated cell in which the NRF2 and nuclear

fluorescence signals overlap with similar shape, indicating translocation.

A
Brightfield DAPI NRF2 - APC DAPI/NRF2 - APC

Brightfield DAPI NRF2 - APC DAPI/NRF2 - APC

Fig. 26. ImageStream Flow cytometer pictures of Calu-3 untreated cell, stained with DAPI for

showing the nucleus and with NRF2-APC antibody for investigating nuclear internalisation. (A)

Untreated cell, with not internalised NRF2. (B) Untreated cell, with NRF2 nuclear internalisation.
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The similarity score, which precisely assesses the overlap between the pixel brightness
of paired fluorescent channels in a single picture, was used to quantify the degree of
nuclear translocation. A negative value indicates that the images are opposites, a
positive one is assigned to identical images and close to zero to uncorrelated images
(George et al., 2006). Our findings indicate that the similarity score for NRF2-positive
cells is generally less than zero (Fig. 27A). Untreated cells, IQOS- and 12 ug/mL
nicotine-exposed cells all had a score of around -0.50 (untreated -0.5612, IQOS -
0.5151, and 12 ug/mL nicotine -0.4907). The average score of 3% CSE-exposed cells
was reported to be -0.4094, indicating a very low number of cells with NRF2 nuclear
translocation. E-cigarette treatments and 200 ug/mL nicotine had a slightly higher
score of about -0.29 (1% e-cig -0.3034, 3% e-cig -0.2725, 200 ug/mL nic -0.2966).
The treatment with the highest score, but not high enough to demonstrate a higher
grade of NRF2 intra-nuclearization, was the 1% CSE (-0.1808). The Fig. 27A allows

to the minimum and the maximum values of similarity score within the groups.

After calculating the similarity score, we were able to identify the positive cells and
determine which group had the highest nuclear localization. Figure 27B shows that 1%
CSE and 3% e-cig treatments resulted in a greater but non-significant number of
nuclear translocations with a mean of approximately 4%, but a large standard
deviation. 1% e-cigarette and 12 ug/mL nicotine treatments resulted in high nuclear
translocation of 1.9% and 1.4%, respectively. In contrast, exposure to IQOS and to 1%
CSE produced results that were nearly equal to the untreated cells (0.9%). Moreover,
we observed that the larger nicotine dosage resulted in the lowest nuclear translocation,
which was around 0.2%. This data, albeit non-significant, may suggest that a heavier
exposure to nicotine, whether from repeated exposures or a substantial amount in one
exposure, might impair nuclear translocation and consequently the activation of the

NRF2 system, compromising body defences.
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Fig. 27. ImageStream Flow cytometer investigation of Calu-3 cells’ NRF2 nuclear internalisation.

(A) Similarity score. (B) High nuclear localization.
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Conclusions

The US FDA recently classified the "IQOS Tobacco Heating System" as MRTP,
implying that customers have an incorrect idea of "clean" and safety (FDA, 2020;
Jaklevic, 2020). According to various studies, the smoke emitted by IQOS tobacco
sticks contains fewer dangerous chemicals than CC smoke (Li et al., 2018, Salman et
al., 2019). Though, it nevertheless contains many powerful and dangerous
carcinogenic substances such as tobacco-specific nitrosamines, PAHs, aldehydes,
carbon monoxide, phthalates, volatile organic compounds, and nicotine (Auer et al.,
2017, Leigh et al., 2018, Cancelada et al., 2019; Horinouchi and Miwa 2021). Some
of these carcinogens are present in I[QOS smoke at the same level (e.g., formaldehyde)

or up to three times higher (e.g., acenaphthylene) than in traditional cigarette smoke.

JAMA editor Mitchell H. Katz (2017) stated that these devices do, in fact, emit classic
carcinogenic chemicals, despite some scholars debate on the "smoke" label for the
emission generated by 1QOS. He also claims that existing smoking bans should be
amended to include these products. On the other hand, the WHO notes that there is no
threshold value for the hazardous consequences of second-hand smoke owing to the
low quantity of carcinogens, without forgetting that indoor IQOS smoking produces a

build-up of these toxins.

The smoke produced by the IQOS tobacco stick used throughout our research
consisted of IARC Class 1 human carcinogens such as aldehydes (e.g., acetaldehyde,
formaldehyde), PAHs, benzene, volatile organic compounds, and nicotine, which is
consistent with some research (Auer et al., 2017; Leight et al., 2018). Thus, the
exposure should not be assumed as safe for human health; even though the complete
switch from CC to IQOS appears to be associated with a reduction in some harmful
effects (Bosilkovska et al., 2020; Tran et al., 2020), more evidence is needed to assess
the overall health risks for never-smokers, particularly the more vulnerable young

people and pregnant women.

For this reason, we aimed to investigate the impact of IQOS exposure on the lung,
primary target organ, and the liver, a secondary target organ. Moreover, the

collaboration with the University of Nottingham allowed to assess IQOS smoke impact
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on PBMCs populations and Calu-3 cells and comparing it to different percentages of

CC smoke, e-cig vapour and nicotine alone.

We demonstrated that [QOS smoke induces lung enzymes that activate carcinogens,
increases tissue reactive radical concentration, promotes oxidative DNA breaks and
gene level DNA damage and it stimulates MAPK pathway which is involved in the
conventional tobacco smoke-induced cancer progression. Furthermore, the
histochemical investigations conducted through SEM and TEM revealed that trachea
and lung were highly affected by the exposure. In fact, the trachea showed necrotic
cells in its epithelium as well as other histological features similar to those determined
by CCs and IQOS smoke was manifestly destructive to the lung, causing deep

disorganisation and collapsing of the normal alveolar structure.

The investigation on liver, despite the limitations (lack of a histological evaluation and
analysis of transaminases in serum), revealed that IQOS boosted ROS and generated
oxidative stress. Indeed, cellular reserves of total GSH were decreases by exposure,
but not GSH-dependent antioxidant enzymes. Several hepatic cytochrome P450-
dependent monooxygenases (CYP2B1/2, CYP1A1, CYP2A1, CYP2E1-linked) were
upregulated by IQOS, thus increasing the toxicological risk due to the increased
bioctivation of ubiquitous premutagens. This phenomenon can also translate into
changes in the metabolism of drugs and should be caused of concern. Moreover, the
hepatic lipid profile was highly affected by IQOS exposure, showing a significant
decrease in TAG and STE contents, a significant increase in MAG content in treated
liver and in 24-HC and COR%. Finally, as well as we observed in the lung, the MAPK
expression was increased in the pp38/p38 ratio and the NRF2 was negatively affected

also in the liver.

The in vitro study found no significant variations in the populations of PBMCs after
any treatment, as already known, and also after IQOS exposure. The levels of CSE and
e-cigarette extracts utilised were well known in Fairclough's laboratory to not damage
the cells and to be comparable to a normal smoker (1%) and a strong smoker (3%).
We found out that all IQOS dilutions used, regardless of flavour, had no impact on cell
populations as well as the known treatments. Consequently, the dilutions employed in
our experiment can be used in future research to explore PBMC activation and
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extracellular vesicle (EV) release induced by IQOS. Furthermore, there were no
changes in the viability of Calu-3 cells after exposure to IQOS, indicating that IQOS
extracts were not harmful to cells in the conditions of our experiments. Additionally,
ACE-2 expression fluctuated among the groups but not significantly, and NRF2
expression displayed poor nuclear internalisation. In this scenario, it is critical to
highlight the fact that we employed adenocarcinoma cells that were already damaged
and may not respond to stimuli in the same way as normal airway cells do. The same

investigation should be carried out on primary lung cell lines.

Thus, our in vivo findings indicate that the IQOS unburned tobacco smoke system is
not a low-risk product, not only to primary target organs but also to secondary organs
such as the liver, even though we observed a small impact in vitro, which we attribute
to the use of a cancer cell line. Furthermore, the labelling of this MRTP may be
misleading consumers who interpret “a lower level of toxic compounds” as an
indication of “harmlessness” when there is actually a health risk for users. It is, hence,
interesting to assess how IQOS impacts other critical systems in vivo, such as the
central nervous system (CNS), the cardiovascular and reproductive systems, as well as
how it effects the activation of PBMCs, given that the extract percentages utilised here

did not impair their survival, since it has never been done before so far.
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PART B.
Chapter One

1. Preclinical imaging as a technique to accomplish the 3R principles

Preclinical imaging has been defined by Zanzonico as “a way of assessing biological
structures and function in vivo by non-invasive means, allowing the collection of
quantitative information, both in health and disease states” (Zanzonico., 2011). As a
matter of fact, this technique provides a way to assess the disease onset, progression,

and therapy monitoring (Cunha et al., 2014).

Its main benefits are the decrease of biological variability, because each animal acts as
its own control in the study, and the substantial reduction in the number of animals
necessary for specific research (Zanzonico., 2011; Tai and Laforest., 2005).
Traditionally indeed, animals must be sacrificed at each time point of the study,
consequently impeding to monitor how they are affected by the treatment throughout
time and forcing to use a considerably higher number of animals to achieve statistical
significance. On the other hand, preclinical imaging methods allow researchers to
study the same group of animals over the duration of the study. Thus, the number of
animals utilised is lowered but statistical significance is maintained (Cunha et al.,

2014).

This advantage accomplishes consistently the 3R principles (Replace, Reduce,
Refine), which represents the methodological and ethical foundations of the Directive
2010/63/EU on animal protection in research activities (De Angelis, Ricceri and
Vitale, 2019). The Directive, indeed, intends to safeguard the animals utilised in
research facilities when alternative methods cannot be used for biomedical and

toxicological research.

The 3R principles were described by Russell and Burch in their book “The Principles

of Humane Experimental Technique” as follows:

Replacement, that means to use alternative methods that do not require the use of
animals whenever possible, and it can be total (use of human volunteers, established

cell lines or computer models) or partial (use of animals that are considered not to

103



experience pain or tissues and cells taken from an animal sacrificed with this purpose

only);

Reduction, which aims to reduce the number of animals used in the study still ensuring

robust and reproducible findings;

Refinement, which focuses on lowering the suffering that animals may experience
during the whole research period, also considering the housing conditions (Russell and

Burch., 1959; NC3Rs).

Thus, imaging techniques used in preclinical research achieve the reduction of the

number of animals utilised.

Another main benefit is that imaging can be used to collect data in intact animals since
it is non-invasive, therefore the complexity of the in vivo model can be captured
entirely. This facilitates research and may be used to define the wide history of
numerous processes that should be considered (Tai & Laforest., 2005; Zanzonico,
2011; Zanzonico, 2012). Furthermore, since the intensity of the picture reflects the
concentration of radiopharmaceutical activity, several nuclear imaging techniques give
quantitative or semi-quantitative data (Zanzonico, 2012). Finally, most preclinical
diagnostic imaging techniques such as MRI, CT and emission tomography are used
the clinical management of patients. This allows a direct comparison between
preclinical model of diseases and diagnostic clinical features of patients or the clinical

translation of novel diagnostic procedures set up at preclinical level.

2. Imaging techniques: Positron Emission Tomography (PET)

Positron Emission Tomography (PET) is one of the imaging methods available. It is a
non-invasive procedure based on the detection of two 511-KeV photons, that are at an
angle of almost 180° (180+0.25°) to each other, produced by the mutual annihilation
of a positron and an electron (Harpen, 2004; Beuthien-Baumann, 2018). PET is mainly
performed as a hybrid imaging technique combined with computed tomography (CT)
as PET/CT or, more recently, in combination with magnetic resonance imaging (MRI)

as PET/MRI. The picture transposition of PET metabolic data with morphological
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cross-sectional imaging facilitates PET anatomical assignment (Beuthien-Baumann,

2018).

PET primarily employs two positron-emitting radioisotopes. Fluorine-18 ([F-18]) and
carbon-11 ([C-11]) are the most commonly utilised radionuclide for the labelling of
small molecules because they appear to be easily incorporated into molecules without
modifying their biological reactivity. Their physical half-lives (t1;) are considerate
short, with t,=110 min and t»=20 min respectively. Thus, time is considered a crucial
parameter in PET imaging and, especially, in the synthesis of PET radiotracers. Timing
is essential, since specific activity is lost when the production takes longer time than

two ty, (Shlyer, 2004; Beuthien-Baumann, 2018).

The most widely known PET radioactive isotope is the glucose analogue [18F]-
fluorodeoxyglucose ([18F]-FDG) (Shlyer, 2004; Beuthien-Baumann, 2018; Becker,
Schwarzenbock and Krause, 2020). FDG is a glucose analogue that enters cells via the
glucose transporter and is phosphorylated by hexokinase, competing with glucose
(Bessel, Foster and Westwood, 1972; Reivich et al., 1977&1979). While glucose-6-
phosphate is a substrate for the citric acid cycle, phosphorylated deoxyglucose is not
(Fig. 1). FDG is held in the tissue with a particularly slow clearance since it cannot be

metabolised further during the acquisition time.
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Fig. 1. [18F]-FDG metabolism inside the cell compared to the glucose’s. On the left, glucose enters
the cell through the GLUT transporter and a phosphate group is transferred from ATP to glucose
generating glucose-6-phosphate and ADP in a reaction catalysed by hexokinase. G6P is ready for
entering the glycolysis. On the right, [I8F]-FDG enters the cell through the same membrane transporter
and receives a phosphate group from ATP by hexokinase. Absence of the hydroxyl group in C2
precludes the isomerization from an aldehyde (glucose) to a ketone (fructose) chain and remain trapped

inside the cell without going on with the glycolysis.

[18F]-FDG distributes mainly into brain, liver and bladder (clearance organ), but also
in other districts, such as lungs, but at lower levels as reported in Table 1 (Johansson
et al., 1992). Phosphorylated FDG (FDG-6-P) represent the first step of glycolysis has
been identified as a by-product of mouse brain metabolism (Gallagher et al., 1978).
Dephosphorylation to FDG is possible in many tissues throughout the body and can,
therefore, leave the cells (Phelps et al., 1979; Beuthien-Baumann, 2018). However,
during PET acquisition time this last process is negligible, and FDG-6-P remained
trapped into brain cells according to the rate of hexokinase activity (Sokoloff 1977).

A schematic representation of FDG kinetic model is represented in Figure 2.
MBqg/cc
FDG+FDG6-P
60 min.

__FDG
L] Time (min)

Fig. 2. [F-18]FDG Kkinetic model.

Total [18F]-FDG radioactivity remains quite stable for about an hour in mouse brain
(Gallagher et al., 1978), whilst in humans its activity level steadily increases for about
an hour and a half (Phelps et al., 1978; Schmidt et al., 1992) and 60-90 min post

injection acquisition is considered the best time frame for the in vivo measurement of
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regional brain glucose metabolism. For this reason, FDG is considered a suitable
glucose analogue for measuring the cerebral metabolic rate for glucose (CMRGIc)
(Phelps et al., 1979). Regarding cell distribution, studies of Magistretti and co-workers
showed that the radiopharmaceutical is taken up by both astrocyte and neuron and its

levels of uptake represent astrocytes — neurons cooperation.

Table 1. Percentage of [18F]-FDG injected dose (%) detected in various organs. Reported in Eur J Nucl
Med 1992; 19: 933-38.

Brain 6.9
Lung 0.9
Heart 33
Liver 4.4
Spleen 0.4
Pancreas 0.3
Kidney 1.3
Bone marrow 1.7
Bladder 6.3
Testis 0.04
Ovary 0.01

[18F]-FDG PET is used in oncology, for primary diagnosis (characterisation of solitary
pulmonary nodule, detection of cancer of unknown origin), but the main applications
are staging (primary lung cancer, oesophageal cancer, malignant lymphoma etc.) and
restaging for the monitoring of therapeutic response and detection in case of reasonable
suspicion of recurrences (e.g. glioma with high grade of malignancy) (Fletcher et al.,
2008). In fact, tumours are characterised by higher glycolysis, due to the Warburg
effect (increase in glycolysis in presence of oxygen), increased uptake and
phosphorylation of glucose, and there is a tight correlation between FDG uptake and
cell viability (Liberti and Locasale, 2016).

However, it can also have non oncological use; indeed, it can be used as well in
cardiology and inflammatory diseases or infections (Lawal and Sathekge, 2016;

Walker et al., 2018; Besenyi et al., 2019). As emerged from oncological studies, FDG
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is internalized not only by cancer cells but also by immune system cells, resulting in a
false positive in oncology [18F]-FDG PET. Indeed, activated macrophages,
neutrophils, and lymphocytes boost glucose uptake and FDG absorption (Taylor et al.,
1996; Chen et al., 2006a) and this represent an advantage for the clinical imaging of
inflammatory condition or infection. Moreover, PET has been used for lung function
imaging in several diseases, including asthma (Taylor et al., 1996; Jones et al., 2003),
cystic fibrosis (Chen et al., 2006a), pulmonary hypertension (Qing et al., 2000),
sarcoidosis (Brudin et al., 1994), chronic obstructive pulmonary disease (Jones et al.,
2003). PET provided imaging of lung inflammation also during ARDS (acute
respiratory distress syndrome) a radiological based inflammatory condition often
present in patients with severe disease during COVID-19 (Bellani, Amigoni and
Pesenti, 2011). [18F]-FDG PET has helped to evaluate the inflammatory response in
different experimental models of lung injury including inflammatory response after
the exposure of Streptococcus pneumoniae (Jones et al., 1994), oleic acid, endotoxins
(Zhou, Kozlowski and Schuster, 2005) and smoke inhalation (Schroeder et al., 2007;
Torres et al., 2020).

3. Small animal PET

Since the early 1990s research has produced high-resolution PET scanners particularly
tailored to image laboratory animals such as rats and mice (Marriott et al., 1994;
Ziegler et al., 2001; Tai et al., 2003). Thanks to the accessibility of those specialised
PET scanners, it is possible to apply PET imaging to small laboratory animals
(Zanzonico 2012; Fig. 3). Small animals are considerably smaller in volume and
weight compared to humans. Thus, their structures need a scanner with excellent
spatial resolution, at the submillimetre level, to locate organs or target regions. Indeed,
a human PET system has a spatial resolution between 4 to 6 mm; on the other hand,
the volume resolution of small-animal PET range from 1 to 2 mm (Yao, Lecomte and

Crawford, 2012) depending on the system.
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Fig. 3. Small animal PET coupled with CT by Molecubes. (A) Picture of small animal CT (X-CUBE)
and PET (B-CUBE). Inside structure of X-CUBE (B) and B-CUBE (C).

Small animal PET was needed for medical research, since it is feasible to gather
comprehensive information on dosage, drug biodistribution, excretion, efficacy for
clinical purposes, and toxicity using this imaging tool. All of this was accomplished
without the need to sacrifice and dissect the tissues of a huge number of animals
(Zanzonico., 2011; Yao, Lecomte and Crawford, 2012; Zanzonico., 2012). As a result,
the number of laboratory animals utilised in research has been reduced in accordance
with the 3Rs (Tai and Laforest., 2005; Zanzonico., 2011; Yao, Lecomte and Crawford,
2012; Cunha et al., 2014), and potentially expediting the new medication development
cycle at a lower cost (Yao, Lecomte and Crawford, 2012). Moreover, researchers can

investigate physiologic processes and illness development, together with therapy
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response and toxicity, in situ in the same subject (Tai and Laforest, 2005; Yao,

Lecomte and Crawford, 2012; Zanzonico, 2012).

Although animal and human PETs use many of the same procedures, the first has a
distinguishing feature connected to the intrinsic characteristics of rats and mice.
Indeed, one of the biggest issues is their inability to stay still during imaging, requiring
the use of anaesthetic. A blend of isoflurane and oxygen gases is employed for this
purpose. Another peculiarity is that small animals are more prone to hypothermia
during the imaging procedure, thus a heating source is required to ensure the reliability
and repeatability of PET data. Furthermore, vital signs must be monitored throughout

the PET procedure (Yao, Lecomte and Crawford, 2012).

The weight and size discrepancies between rodents and humans are important. In fact,
the average mouse weighs around 25 g. The mouse is 3,000 times smaller in weight
and 15 times smaller in size than an average-sized adult weighing 75 kg. The weight
and size scale-down factors for a 300-g rat are 250 and 6, respectively. In order to
obtain the same amount of anatomical information in a mouse as a person, the small-
animal PET system should have 15 times the spatial resolution of a human PET
system. Thus, to detect the same degree of structural detail in the pictures, human PET
scanners have a spatial resolution of 6 mm, but small animal PET would require a
spatial resolution of 0.4 mm for mouse imaging and 1 mm for rat imaging. However,
despite researchers' efforts (St James et al., 2010), the actual resolution limit is little
more than 1 mm. As a result, whereas small-animal PET methods are necessary for rat
imaging, they are not yet completely suitable for mouse imaging (Tai and Laforest,
2005; Yao, Lecomte and Crawford, 2012).

The key advancement factor, that leads to the very high resolution of modern small-
animal PET scanners, is the employment of long and thin detector crystals, with the
long side aligned with the radial direction and the narrow side facing the imaging field
of view (Yao, Lecomte and Crawford, 2012). In fact, improving the design of detectors
is the focus. The geometric efficiency of the system and the inherent detection
efficiency of the detectors define a PET system's sensitivity. The design of an animal
PET system encourages minimal spacing between detector pairs in order to increase
geometric efficiency and decrease acolinearity, since the closer a detector is positioned

110



to the source, the larger the solid angle it can cover. Namely, a little gap enhances both
system sensitivity and picture resolution, thus the diameter of a system with traditional
cylindrical geometry should be as little as practicable (Tai and Laforest, 2005;
Miyaoka and Lenhert, 2020).

One disadvantage is that the observed photons are more likely to be from side (oblique)
projections penetrating neighbouring crystals rather than frontal projections. This
phenomenon, also known as parallax error, can be reduced by replacing each long
crystal with a few smaller crystals (de Jong et al., 2010; Wang et al., 2006) or by
measuring the depth of interaction inside the crystal (St James et al., 2009). A
significant benefit of the newest generation of small-animal PET scanners is the
employment of a statistical iterative reconstruction approach such as ordered-subset
expectation maximisation, which permits the adoption of an accurate system response

model (Tai and Laforest, 2005; Yao, Lecomte and Crawford, 2012).

As state in the previous paragraph, PET can be employed successfully with selected
radiopharmaceuticals in a wide range of research using small laboratory animals such
as mice and rats due to its high resolution, adequate sensitivity. Small animal PET is a
breakthrough non-invasive tool for biomedical and pharmaceutical researchers, and it
is incredibly beneficial in animal investigations with a longitudinal or interventional

design (Chatziioannou et al., 1999; Miyaoka and Lenhert, 2020).

Study objective

As previously stated, in vivo molecular imaging using [I8F]-FDG as
radiopharmaceuticals enabled the evaluation of regional lung and brain metabolic
activity in unexposed mice. We selected [18F]-FDG since it has been shown to boost
absorption in activated inflammatory cells and has been previously used to evaluate
the effect smoke exposure in lung and brain (Schroeder et al., 2007; Musch et al., 2014;
Torigian et al., 2017; Torres et al., 2020). The purpose of this part of research was to
develop an in vivo PET/CT imaging methodology that we could employ to assess
IQOS toxicity. However, due to limitation of time, we were unable to obtain Ethic

Committee authorization, thus our study was focused on an exploratory
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methodological study on control mice. To include age effects, the study was conducted
on mice of different ages. For this reason the primary objective of the study was design
to set up the acquisition protocol of [18F]-FDG uptake in Iung and brain of control
mice of different ages. Secondary objective was to evaluate the regional metabolic

connectivity in young, adult and aged normal mice.
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Materials and methods

1. Animal groups and Experimental Design
The following features were planned for the experiment. C57BL/6 male mice
(ENVIGO RMS), of different age stage, split in two main groups: control, exposed to
normal air, and treated, exposed to IQOS. The number of animals necessary for
imaging investigations, according to Vanhove et al (2015) is four to six animals; hence,

we enrol five mice per group and age stage.

The IQOS exposure machine is based on the one used and described in PART A of the
thesis (Vivarelli et al., 2021). Briefly, IQOS group is subjected to total body exposure,
with 4 animals at a time inside the chamber. The inhaling chamber is a propylene box
(38 26.5 19 cm) with a 19 L capacity. The pump (0.18 kW; 1.4/1.6 A; 230 V; 50/60
Hz) is mounted on one side of the box, while the IQOS acrosol on the other side,
creating airflow inside the chamber. The chamber has three holes (2 IQOS and one
pump connection point) that is never blocked during the exposure. The exposure
session terminates when the IQOS stick expires, and it automatically switches off.
Then, mice are kept inside for 20 minutes. Animals are exposed for 5 days in a row
each week, for four weeks. [18F]-FDG PET/CT is set before the first exposure and

after the last one, so that each mouse is the control of itself.

Due to timing and the requirement to obtain Ethic Committee approval, we were only
able to conduct a preliminary investigation on a control group in the few months we

had before the submission deadline to collect normative data for the subsequent trials.

Consequently, the experiment was carried out in accordance with the EU Directive
2010/63/EU and included control mice of a protocol focused on Parkinson biomarkers
that received the endorsement by Minister of Health (authorization n°® 800/2020-PR).
40 C57BL/6 (ENVIGO RMS), male mice were split into four groups based on age
stage: 2 months old (n=11), 5 months old (n=9), 12 months old (n=11), and 18 months
old (n=9). They were housed under standard conditions (12 h light-dark cycle, 22° C,
60% humidity).

Mice were injected via the tail vein with 100 pCi of [18F]-FDG. CT and PET

acquisitions were performed at 60 min after the injections using a mouse hotel in the
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X-B-CUBE (Molecubes, Gent, Belgium). The mouse hotel (Fig. 4) allows to acquire a
maximum of four mice at a time. CT acquisition took place for 2 min, afterwards PET
was acquired for 20 min. All the radiopharmaceuticals injected had a radiochemical

purity greater than 99%. The images were acquired in 3D mode.

Fig. 4. Mouse hotel for performing PET coupled with CT by Molecubes. The mouse hotel allows

to acquire data from PET and CT to a maximum of four mice at a time.

All PET images were co-registered to CT. For brain analysis images were cropped
using PMOD 3.2 software (Zurich, Switzerland). Afterwards, the CT images were co-
registered to PET, realigned for each animal, through SPM (SPM 12, MathLab). Lungs
were analysed with visual inspection. Brain ROIs were extracted using a mice brain
atlas built at our facility, based on Allen mouse brain atlas (Presotto et al., 2022), and

then normalised for each total ROI mean value.

2. Brain connectome analysis
[18F]-FDG was used to examine metabolic connections among brain regions. PET
regional results were analysed using a covariance analysis approach. The braingraph
toolbox (https://github.com/cwatson/brainGraph) available in R programme was used
for the analysis (R Core Team). For each pair of brain regions, Spearman's correlation
coefficient (p) was determined, and a 28 x 28 weighted undirected correlation matrix
was generated for each ageing stage (2 months, 12 months, 18 months). Each p
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indicates how much the connection is strong, thus probable. Each value was then
transformed into z-scores through the Fisher transformation, which uses the equation:

1, a+p)
2 (1-p)

In order to compare each p among the groups, the Z test was used as following:

Z1— 23
1 1
\/n1_3+n2_3

where z represents the z-scores compared between two groups and n is the sample size.

The resulting data was used to perform statistical computations. To adjust the p-values

for the total number of tests, the false discovery rate (FDR) was applied.

The network analysis was carried out on the same data, with the goal of characterising
node degree and betweenness centrality, as well as local efficiency. Finally, a

permutation test was used to investigate statistical differences within groups.

3. Statistical analysis
Data are presented as mean values + standard deviation (SD) or standard error of the
mean (SEM) of three independent experiments. For statistical analysis, non-parametric
t-test, one-way analysis of variance (ANOVA), followed Bonferroni’s multiple
comparison test, were performed using GraphPad Prism v9 (Graph Pad Software Inc.,

CA, USA).
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Results & Discussion

We set up an acquisition protocol based on the use of a multi-mice bed for the
evaluation of [18F]-FDG uptake in lung and brain. Since we used control mice only,
at visual inspection, PET/CT confirmed no evidence of [ 18F]-FDG uptake in the lungs
(Fig. 5), which is consistent with the existing literature on young and adult mice
considering that lung glucose uptake is boosted by an insult, which is missing in this
step of our experiment. Notwithstanding, pulmonary absorption of this
radiopharmaceutical occurs anytime there is an inflammatory process, such as acute
pulmonary neutrophilic inflammation (Chen and Schuster, 2004). The correlation
between [18F]-FDG uptake and inflammation, in fact, has been thoroughly
documented in the literature (Jones et al., 1997; Chen and Schuster, 2004, Chen et al.,
2006; Schroeder et al., 2007). Furthermore, detection of the radiopharmaceutical
attributable to increased lymphocytes, macrophages, and neutrophils in the lung
induced by CC smoke has emerged as a powerful tool in distinguishing COPD smokers
from never smokers (Jones et al., 2003; Vass et al., 2021). In our study this evidence

was confirmed also in old animals.

A B

Fig. 5. Representative image of lung [18F]-FDG uptake in control mice at different time points.

(A) 2 months old. (B) 12 months old. The white cross is positioned on right lung.

The other organ we want to analyse is the brain, so we focused on its [18F]-FDG
uptake and how regional brain metabolism is influenced by age in order to set-up a
protocol to test the age dependent effects of IQOS exposure. The study of brain
response to IQOS exposure is relevant because CC smoke is well known to produce
behavioural alterations (Mathew et al., 2017; Giilsen and Uygur, 2018). People
suffering from mental diseases such as anxiety, depression, schizophrenia, and
affective disorder, are frequently tobacco smokers (Giilsen and Uygur, 2018). On the

other end, CC effects may be linked to a reduced brain oxygen availability due to
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peripheral damage on lung or vascular system. For this reason, it would be of interest
to determine whether this HTP does the same and if lung effects are involved in
modification of brain function. Data analysis on regional brain metabolic activity
revealed that aging had effect on the time points evaluated for the some of the brain
areas analysed. Indeed, the anterior cingulate, the somatosensory cortex, the
hippocampus, the hypothalamus, the basal ganglia dorsal and ventral regions, the
hindbrain (pons, cerebellum, and medulla oblongata) and the midbrain (various cranial
nerve nuclei, tectum, tegmentum, colliculi, and crura cerebi) showed a variation in
their metabolic activity at different time points. A temporary reduction was observed
at 5 months in the anterior cingulate (Fig. 6A) that was restored thereafter. An increase
in the somatosensory cortex has been recorded between 5 and 12 months (Fig. 6B), as
well as in the metabolic activity of the hippocampus, which was increased also
between the young and the aged mice (Fig. 6C). On the other hand, the hypothalamus
showed an increase in its [ 18F]-FDG uptake at 5 months compared to other time points
(Fig. 6D). Moving onto the basal ganglia nuclei, it is visible that in the dorsal region
there is a significant decrease in the FDG uptake in the adult mice (Fig. 6E), whilst the
ventral nuclei increase their activity in the young (Fig. 6F). Similarly, in the hindbrain,
the metabolic activity decreased considerably in the adult (Fig. 6G), with significant
differences between 5- and 18-month-old mice. On the other hand, midbrain showed
a relative age dependent increase in metabolic activity at 18 months than at 12 months
(Fig. 6H).
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Fig. 6. Aging changes brain glucose metabolism in few cortical and subcortical regions. (A)
Anterior cingulate shows a reduction in its metabolic activity at 5 months. (B) Somatosensory cortex
shows a decrease in its metabolic activity at 5 months. (C) Hippocampus activity increases at 12 and 18
months. (D) Hypothalamus increases its FDG uptake at 5 months. (E-F) Basal Ganglia Dorsal metabolic
activity (E) slightly decreases at 12 months, whilst Basal Ganglia Ventral (F) increases at 5 months. (G)

Hindbrain decrease its activity at 12 months. (H) Midbran increases at 18 months.

In order to better understand how these alterations influence the interactions between
the areas, a connectome study of regional brain metabolism was performed. Table 2
specifies the abbreviation for each region in the following data for a better

understanding of the results produced, which will be explored further below.

Table 2. Brain regions' abbreviations.

Region Abbreviation
Anterior Cingulate ACA L
ACA_R
Auditory Cortex AUD L
AUD R
Basal ganglia Dorsal BasGan D L

118



BasGan_D_R

Basal Ganglia Ventral BasGan V_L
BasGan_V_R
Cerebellum CRB
Hindbrain HB
Hippocampal HIP L
HIP R
Hypothalamus HY_L
HY_R
Somatomotor Areas MO L
MO_R
Olfactory Areas OLF L
OLF_R
Orbital Areas ORB L
ORB_R
Somatosensory Areas SS L
SS R
Thalamus TH L
TH_R
Visual Cortex VIS L
VIS R
Mid Brain mid B

The matrices of between regions correlation show an important disorganization in 2-
month-old mice at the level of the cortical regions (negative associations or absence of
associations; Fig. 7A), which is still present at 5 months (Fig. 7B). Disorganization of
the brain is reduced at 12 months when significant correlations also appear between
the cortical regions, indicating greater functional maturation of the brain (Fig. 7C). In
old mice (18 months), an increase of inverse correlations was observed together with
a symmetric increase in positive correlation in 3 main brain clusters including anterior
cingulate and somatomotor regions, orbital and somatosensory areas and visual cortex,

and basal ganglia ventral, hippocampal, thalamus and hypothalamus regions together

with midbrain, hindbrain and cerebellum (Fig. 7D).
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Fig. 7. Matrix on metabolic connection at different age stage. (A) 2-month-old mice. (B) 5-month-

old mice. (C) 12-month-old mice. (D) 18-month-old mice.

To further define the metabolic correlations, we used the Graph theory, a network
analysis that translates brain correlations into a network in which the major nodes that
represent it and the connections are identified (Sporns 2018). According to this theory,
the key alterations include a statistically significant reduction in the connection of the
right hippocampus in the aged mice (Fig. 8A). A visual representation of differences

in brain connection in shown in Fig. 8B.
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Fig. 8. Node degree analysis. Visual representation of modification in connections between different

brain regions and the right hippocampus.

As a consequence of the results reported in the current preliminary study in control
mice, we decided to investigate IQOS toxicity at all three time points. In fact, we
observed age-dependency in the brain metabolic activity and connectivity, following
[18F]-FDG uptake. Consequently, there might be differences in the response of the
HTP device at different age stages: young (2 or 5 months), adult (12 months) and aged
(18 months). Each time point will have a control group and a treated group, with mice
exposed to IQOS smoke. Animals will be subjected to the open field test after a month
of chronic exposure in order to assess primarily anxiety and their proclivity to explore,
which is an indication of behavioural change commonly associated with CC smoke
(Giilsen and Uygur, 2018). Afterwards, they will be injected with [18F]-FDG prior to
PET/CT whole body acquisition. The design for the new study is represented in Fig.
9.
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Conclusions

Despite the shortage of time to use [18F]-FDG PET/CT to investigate IQOS toxicity
on lung and brain, we were able to create a methodology for studying temporal
fluctuations in brain metabolism levels and correlations across areas, which allows us
to detect the amount of maturation over time and the impact of ageing on brain
disorganisation. To further explain the aging process, intermediate timeframes (5 and
10 months) will be included, and these data will allow researchers to obtain normative
values in investigations of efficacy or toxicity of substances at the level of CNS

functionality in various age groups, as well as our investigation on IQOS smoke.

Furthermore, Torres et al (2020) recently conducted a similar experiment to evaluate
how early postnatal CC smoke exposure affects brain development and metabolic
activity in infancy, adolescence, and adulthood. They discovered that multiple brain
areas are sensitive to environmental smoke exposure throughout the early postnatal
period, and that these effects on [18F]-FDG absorption persist even after months from
the last exposure. Contrarily to what we want to do, they did not investigate how the
exposure affects the brain connectivity and evaluated mice that were exposed only at

an early life stage.

In mice age-dependent network we observed modifications that involved mainly
limbic regions, which supports a variety of functions including emotion, behavior,
long-term memory, and olfaction (Roxo et al., 2011). Since CC smoke is associated to
changes in behaviour, such as increased anxiety, depression and affectivity (Giilsen
and Uygur, 2018), it would me important to understand how IQOS smoking influences
brain metabolism and connectivity at all life stage. Moreover, active smokers present
a reduced amygdala (part of the limbic system) that could determine the onset of
anxiety disorders (Luhar et al., 2013). Thus, we decided to add in the future study the
open field test, in order to estimate overall locomotor activity levels, anxiety, and
propensity to explore following the last IQOS exposure, and regularly behaviour

monitoring.

Thus, we set up a [18F]-FDG PET/CT methodology for investigating fluctuations in

glucose metabolic activity following IQOS exposure, performing an explorative study
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on control mice considering the short amount of time that we had. Considering that the
PET/CT acquisition is whole body as visibile in Fig. 10, it is possible to deeply
investigate how the exposure to IQOS smoke might affect systemically the mice body.

So far, in literature only another study performed by Torigian et al (2017) reported the

use of [ 18F]-FDG PET/CT to investigate tobacco CC toxicity, but no studies for mice.

Fig. 10. [18F]-FDG PET/CT whole body acquisition of control mice.

Consequently, thanks to this methodology it would be possible to investigate not only
how the HTP device affects lungs and brain, but also secondary organs known as
tobacco smoke target such as bladder, heart and liver. In addition, we will perform a
brain connectivity analysis, which is a novelty in this field. The data obtained by this
preliminary experiment on control mice allowed us to light up differences in brain
metabolic activity and connectivity in aging, which might change responsiveness also

to toxicants such as tobacco and IQOS smoke.
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